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1.0  INTRODUCTION  AND  PURPOSE 


The  purpose  of  this  docuraent  is  to  introduce  the  reader  to  the  basic  principles 
of  electromagnetic  radiation,  its  use  in  object  detection  interns  such  as  radio  detec¬ 
tion  and  ranging  (RADAR)  and  forward  looking  infrared  (FLIR),  the  effects  of  the 
atmosphere  on  electromagnetic  wave  propagation,  and  to  provide  guidelines  in  the 
inteipretation  and  effective  use  of  electromagnetic  propagation  products  available 
from  assessment  programs  such  as  the  Tactical  Environmental  Support  System 
(TESS)  or  the  Integrated  Refractive  Effects  Prediction  System  (IREPS). 

An  electromagnetic  propagation  assessment  ^stem  is  very  dynamic  in  nature. 
With  new  technology,  additional  products  will  become  available  and  old  products  will 
be  refined  or  modified.  Therefore,  the  discussion  of  assessment  products  will  be 
directed  toward  a  product  class  such  as  a  display  of  propagation  loss  versus  range 
rather  than  to  a  specific  product  within  a  specific  version  of  TESS  or  IREPS. 

TESS,  developed  by  the  Naval  Oceanographic  Office,  provides  tailored 
meteorological,  electromagnetic  propagation,  oceanographic,  acoustic,  and  satellite 
ephemeris  and  tracking  products  in  direct  support  of  fleet  air,  surface,  planning,  and 
antisubmarine  v^arfare  operations.  Specifically,  TESS  is  a  rapid-response,  on-scene, 
environmental  prediction  system  used  to  assess  the  effects  of  the  environment  on 
fleet  sensor,  platform,  and  weqran  ^tems.  For  a  complete  description  of  TESS  and 
its  operation,  refer  to  the  TESS  user’s  manual  publish^  by  the  Naval  Oceanographic 
Office. 


IREPS,  developed  by  the  Naval  Ocean  Systems  Center,  provides  shipboard 
environmental-data  processing  and  display  capability  for  comprehensive  refractive- 
effects  assessment  for  naval  surveillance,  communications,  electronic  warfare,  and 
weapons  guidance  systems.  For  a  complete  description  of  IREPS  and  its  operation, 
refer  to  the  IREPS  user’s  manual  published  by  the  Naval  Ocean  Systems  Center. 
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2.0  NATURE  OF  RADIATION 


2.1  DEFINITION  OF  ELECTROMAGNETIC  RADIATION 


Electromagnetic  radiation  is  energy  which  is  propagated  through  a  medium 
in  the  form  of  an  advancing  disturbance  in  electric  and  magnetic  fields.  Often,  the 
term  “radiation”  is  also  used  to  describe  the  process  of  propagation. 


In  classical  electromagnetic  theory  these  disturbances  are  “waves”  propagat¬ 
ing  through  the  media.  The  wave’s  speed  of  propagation,  v,  through  a  medium  of 
magnetic  permeability  (the  degree  to  which  the  rate  of  energy  flow  across  boundaries 
is  changed),  and  specific  inductive  capacity  (how  well  the  media  may  be  magne¬ 
tized),  /c,  is  given  by 


(1) 


where  c  is  the  speed  of  light  equal  to  2.997930  x  10^®  cm  per  second.  In  a  vacuum, 
the  wave  propagates  with  the  speed  of  light.  In  air,  however,  the  wave  propagates 
with  speed  slightly  slower  than  the  speed  of  light. 


Electromagnetic  radiation  can  be  characterized  both  by  wavelength,  A,  (tb.,’ 
mean  distance  between  maxima  or  minima)  and  frequen<y,  f,  (the  rate  of  recurrence 
of  an  event  in  periodic  motion).  The  relationship  between  frequency,  wavelength  and 
speed  is  given  by 

^  -  T  •  (2) 


In  the  metric  ^stem,  the  units  of  wave  frequency  are  cycles  per  second  (Hz). 
Multiples  (or  submultiples)  of  units  have  an  assigned  prefix  to  describe  how  many 
multiples.  For  example,  kilohertz  means  1000  Hz.  Table  1  gives  some  selected 
prefixes  associated  with  the  multiples  of  units. 

Table  1.  Decimal  multiples  and  submultiples. 


or  Submultioles 

Prefixes 

Symbol 

< 

o 

tera 

T 

10^ 

giga 

G 

10® 

mega 

M 

10^ 

kilo 

k 

10^ 

hecto 

h 

10 

decca 

da 

10-1 

deci 

d 

10-2 

centi 

c 

10-2 

milli 

m 

10-® 

micro 

10-^ 

nano 

7 

10-12 

pico 

P 
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In  discussions  of  radiation  associated  with  electromagnetic  i^stems  such  as 
radars,  several  additional  definitions  are  required.  These,  as  illustrated  in  figure  1, 
are  as  follows: 


a.  Wave  magnitude~the  maximum  displacement  of  a  waveform  on  a 
plane  perpendicular  to  the  direction  of  propagation. 

b.  Wave  phase— a  particular  appearance  or  state  in  a  regularly 
recurring  <^cle  of  changes.  For  example,  waves  a  and  b  in  figure  1  are  in  phase  while 
waves  c  and  d  are  out  of  phase. 

c.  Wave  polarization— the  direction  of  the  electric  field  relative  to  the 
direction  of  propagation  and  a  reference  plane  (usually  the  earth’s  surface).  For 
example,  waves  e  and  f  of  figure  1  are  horizontally  and  vertically  polarized 
respectively. 


d.  Power— the  amount  of  energy  transferred  past  a  given  point  per 
unit  time.  The  unit  is  joule/second  or  a  Watt. 


e.  Intensity— energy  transferred  across  a  given  area  per  unit  time 
(power  density).  The  unit  is  watt/m^.  In  radar  propagation,  it  is  convenient  to  speak 
of  relative  intensities,  for  example,  a  ratio  of  power  density  at  a  receiving  antenna. 

If,  to  the  power  density  at  a  transmitting  antenna.  It.  This  ratio,  r,  is  given  as 


r  •  10  logjj  (t) 


(3) 


The  unit  of  intensity  ratios  is  the  Bel  with  the  decibel  (dB)  being  the  most  commonly 
used  submultiple.  Although  the  decibel  is  a  measure  of  relative  rather  than  absolute 
intensity,  it  is  possible  to  set  up  an  absolute  scale  by  arbitrarily  defining  some  parti¬ 
cular  intensity  as  a  reference.  For  example,  the  lowest  sound  intensity  detectable  by 
the  human  ear  is  called  the  threshold  of  audibility  (10”^®  microwatts  cm~^.  Using 
this  intensity  as  a  reference,  other  sound  intensities  may  now  be  compared.  Sounds 
with  power  densities  below  this  reference  will  not  be  detectable  by  the  human  ear  and 
sounds  with  power  densities  above  this  reference  will.  On  such  a  scale,  sounds  in 
average  conversation  have  intensities  of  about  60  dB,  a  boiler  factory  noise  level 
might  be  about  100  dB,  and  the  threshold  of  pain  about  130  dB.  In  a  like  manner,  a 
radar  receiver’s  “threshold  of  audibility,”  or  its  sensitivity,  often  referred  to  as  power 
density  relative  to  a  milliwatt  (abbreviated  dBm),  may  be  used  as  the  defined 
standard.  Echos  with  power  densities  above  the  sensitivity  will  he  detected,  and 
echos  with  power  densities  below  the  sensitivity  will  not  be  detected. 
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IN  PHASE 


VERTICAL  POLARIZAT'.ON  HORIZONTAL  POLARIZATION 


Figure  1 ,  Illustration  of  wave  magnitude,  phase,  and 
polarization. 

2.2  ELECTROMAGNETIC  SPECTRUM 

Electromagnetic  radiation  is  produced  in  a  continuous  spectrum  of  different 
wavelengths.  The  division  of  this  continuum  of  wavelengths  into  a  number  of  named 
subportions  is  useful  in  classifying  the  types  of  physical  systems  capable  of  emitting 
radiation  of  those  wavelengths.  For  example,  gamma  rays  are  emitted  from  the 
nuclei  of  atoms  as  they  undergo  nuclear  rearrangements,  visible  light  is  emitted  by 
atoms  whose  electrons  are  undergoing  changes  in  energy  states,  emd  radio  waves  are 
emitted  by  acceleration  of  free  electrons  in  metals  such  as  through  an  antenna  wire. 
An  abbreviated  portion  of  the  electromagnetic  spectrum  is  illustrated  in  figure  2 
along  with  commonly  used  names  for  the  various  portions  of  the  spectrum.  The 
electromagnetic  propagation  programs  of  TESS  and  IREPS  are  restricted  to 
frequencies  between  100  and  20,000  mepihertz. 
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Frequency  (Hz) 
1028  - 


Gamma  rays 


Radar  frequencies 
L  -band  1000  -  2000  MHz 
S  -band  2000  -  4000  MHz 
C  -band  4000  -  8000  MHz 
X  -band  8-12  GHz 
K,  -band  12  -  18  GHz 
K  -band  18  -  27  GHz 
-band  27  -  40  GHz 
millimeter  >  40  GHz 


IqIS  -  Ultraviolet 

X-rays 


10l4  -  Visible  lig^t 


Infrared 

lOlO  - 

Radar 
Television 
FM  shortwave 

10®  - 


-  Radio  long-wave 
102  - 


International 
Telecommunications 
Union  (ITU)  frequencies 

VLF  <  30  KHz 
LF  30  KHz  -  300  KHz 
MF  300  KHz  -  3  MHz 
HF  3  MHz  -  30  MHz 
VHF  30  MHz -300  MHz 
UHF  300  MHz -3  GHz 
SHF  3 -30  GHz 
EHF  30  -  300  GHz 


Electronic  Warfare  Frequencies 

A  band  0  -  250  MHz 
B  band  250  -  500  MHz 
C  band  500  -  1000  MHz 
D  band  1  -  2  GHz 
E  band  2-3  GHz 
F  band  3-4  GHz 
G  band  4-6  GHz 
H  band  6-8  GHz 
I  band  8 -10  GHz 
J  band  10 -20  GHz 
K  band  20  -  40  GHz 
L  band  40 -60  GHz 
M  band  60  -  100  GHz 


Figure  2.  Electromagnetic  spectrum  and  frequency  bands. 
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2.3  INFRARED  RADIATION 


Since  the  signal  source  for  a  FLIR  system  is  within  the  infrared  (IR)  portion 
of  the  electromagnetic  spectrum,  it  is  proper  to  describe  in  more  detail  the  nature  of 
IR  radiation. 

All  physical  bodies  with  temperatures  above  absolute  zero  radiate  some  elec¬ 
tromagnetic  energy.  As  the  temperature  is  raised,  two  characteristics  of  the  IR  radi¬ 
ation  are  affected:  (1)  the  total  power  radiated  increases  as  the  4th  power  of  the 
temperature  in  degrees  Kelvin,  and  (2)  the  dominant  wavelength  of  the  radiant  power 
becomes  shorter. 

For  bodies  near  the  mean  temperature  of  the  earth’s  surface,  the  peak  power 
comes  at  wavelengths  near  10  ;nn.  At  3  radiated  power  is  reduced  to  approxi¬ 
mately  1  percent  of  the  peak,  and  no  discernible  radiation  occurs  at  visual  wave¬ 
lengths  (below  1  ^).  For  temperatures  of  a  few  thousand  degrees  Kelvin  (e.g.,  the 
sun’s  surface)  the  peak  power  lies  in  the  visual  region,  with  only  a  few  percent  above 
2-tJm  wavelength,  and  virtually  none  above  8  /an. 

Not  all  bodies  of  the  same  temperature  radiate  equal  amounts  of  energy.  A 
theoretical  “black  body”  is  one  that  absorbs  and  reradiates  all  energy  at  all  wave¬ 
lengths.  No  energy  is  reflected  from  the  black  body.  The  ratio  of  a  body’s  total 
radiated  energy  to  the  black  body’s  total  radiated  energy  is  called  the  body’s  emis- 
sivity.  The  greatest  emissivity  a  body  may  have  is  unity  and  the  least  is  zero. 
Emissivity  varies  inversely  with  reflectivity.  Hence  polished  metals,  which  may  be 
highly  visible  in  the  visual  wavelengths,  may  have  emissivities  as  low  as  0.05  at  IR 
wavelengths  and  may,  therefore,  be  undetectable  by  a  particular  FLIR  system. 

Thus,  radiated  power  is  a  function  of  (1)  absolute  temperature  of  the  target, 

(2)  its  emissivity,  and  (3)  the  wavelength  of  radiation. 

2.4  ELECTROMAGNETIC  RADIATION  ABSORPTION 

The  earth’s  atmosphere  is  filled  with  absorbing  agents,  components  of  the 
atmosphere  which  extract  energy  from  the  supply  of  radiation.  This  extracted  energy 
raises  the  agent  molecule  to  a  higher  level  of  vibration  (heats  it  up).  Some  radiation 
is  absorbed  by  aerosols  such  as  fine  dust  swept  up  by  the  wind  or  soot  from  volcanoes 
or  industrial  plants.  These  aerosols  tend  to  be  broadbaiid  absorbers.  That  is,  they 
absorb  radiation  over  a  wide  range  of  frequency  bands.  However,  some  atmospheric 
molecules  (notably  water  vapor,  carbon  dioxide,  and  ozone)  have  many  strong 
absorption  beuids  which  will  have  a  large  influence  upon  FLIR  operation  and  radar 
performance  above  Ku  band. 
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The  loss  of  energy  to  the  absorbing  agent  reduces  the  electromagnetic 
radiation  power  as  it  propagates  through  the  atmosphere.  Figure  3  illustrates  the 
absorption  of  electromagnetic  energy  by  the  atmospheric  gases  of  water  vapor  and 
o^gen.  At  frequencies  below  1  GHz,  the  effect  of  atmospheric  absorption  is 
negligible.  Above  10  GHz,  it  becomes  increasingly  important. 

Because  of  the  frequency  limits  placed  upon  the  electromagnetic  propagation 
programs  of  TESS  and  IREPS,  and  because  of  the  extreme  difficulty  in  assessing 
aerosol  concentrations  both  horizontally  and  vertically,  atmospheric  absorption  is 
neglected  for  radar  performance  assessment. 

Atmospheric  absorption  is,  however,  considered  in  assessing  FLIR  perform¬ 
ance  ranges.  FLIR  performance  is  seriously  reduced  by  rain,  snow,  fog,  clouds,  haze, 
and  smoke.  These  effects  are  extremely  difficult  to  predict  because  they  depend  upon 
particle  size,  density,  local  variations,  and  discontinuous  altitude  distributions,  which 
are  themselves  difficult  to  predict,  or  even  to  measure.  Thus,  within  the  FLIR  model, 
thqy  are  crudely  represented  by  the  distribution  of  relative  humidity  with  altitude 
and  a  simple  function  of  surface  horizontal  visibility. 

While  absorption  reduces  the  sigpial  level,  it  also  has  an  additional  effect  upon 
a  FLIR  ^tem.  These  absorbing  agents  later  re-emit  the  absorbed  energy  in  all 
directions.  This  tends  to  produce  a  *veiling^  radiation,  which  mixes  with  the  desired 
signal  power,  thereby  reducing  the  FLIR  system  sensitivity. 


FREQUENCY, GHz 


- ABSORPTION  DUE  TO  WATER  VAPOR 

IN  AN  ATMOSPHERE  CONTAINING 
1 -PERCENT  WATER  VAPOR  MOLECULES. 

- ABSORPTION  DUE  TO  OXYGEN 

(SKOLNIK,  1980). 


FiguTS  3.  Attenuation  of  electromagnetic  energy  by  atmospheric 
gases  in  an  atmosphere  at  76-cm  pressure. 
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2.5  SCATTERING 


Scattering  is  the  diffusing  of  radiation  in  all  directions  within  the  atmosphere. 
For  the  purposes  of  TESS  and  IREPS,  scattering  takes  two  forms,  based  upon  the 
mechanism  causing  the  scattering. 

The  first  mechanism  of  scattering  is  by  small  particles  suspended  in  the 
atmosphere.  This  type  of  scattering  tends  to  be  a  broadband  phenomenon.  Figure  4 
is  a  typical  aerosol  scattering  curve.  Scattering  varies  as  a  fiinction  of  the  ratio  of 
the  particle  diameter  to  the  wavelength  of  radiation.  The  falloff  at  greater  wave¬ 
lengths  is  related  to  the  fact  that  larger  particles  tend  to  fall  out  of  the  air;  hence, 
long-IR  and  millimeter- wave  radiation  is  much  less  effected  by  haze,  smoke,  etc., 
than  shorter  wavelengths. 

Aerosol  scattering  has  an  additional  eft'ect  upon  FLIR  systems.  Since  any 
absorbed  energy  is  re-radiated  by  the  absorbing  agent,  this  radiant  power  may  be 
scattered  “into”  as  well  as  “out  oP  the  line  of  sight  of  a  FLIR  sensor.  This  scattering 
“into”  enhances  the  “veiling”  of  radiation,  reducing  the  FLIR  system’s  sensitivity. 


Figure  4.  Typical  aerosol  scattering  effect  (Greening,  1987). 
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A  second  mechanism  of  scattering  is  by  small  inhomogeneities  within  the 
atmoq>here  which  bend  the  emjrgy  away  from  the  path  of  the  radar  beam.  For  ranges 
much  beyond  the  horizon,  this  type  of  scattering,  called  troposcatter,  becomes  the 
dominating  factor  in  determining  detection  ranges.  The  loss  of  energy  fi*om  the  radar 
beam  is  so  great,  in  fact,  that  it  is  difficult  for  any  known  radar  system  to  detect 
targets.  Scattering  is  also  an  important  consideration  for  certain  communications 
systems  and  electronic  support  measures  (ESM)  ^tem  where  the  receivers  are  much 
more  sensitive  than  a  normal  radar  receiver. 
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3.0  REFRACTION 


3.1  INDEX  OF  REFRACTION 

The  term  refraction  refers  to  the  property  of  a  medium  to  bend  an  electro¬ 
magnetic  wave  as  it  passes  through  the  medium.  The  degree  of  bending  is  determined 
by  the  index  of  refraction,  n,  defined  as  the  velocity,  c,  of  propagation  in  free  space 
(away  from  the  influence  of  the  earth  or  other  objects)  to  the  velocity,  n,  in  the 
medium. 

"  =  f  (4) 

3.2  STRUCTURE  AND  CHARACTERISTICS  OF  THE  EARTH’S 
ATMOSPHERE 

The  earth’s  atmosphere  is  a  collection  of  many  gases  together  with  suspended 
particles  of  liquid  and  solids.  Excluding  variable  components  such  as  water  vapor, 
ozone,  sulfur  dioxide,  and  dust,  the  gases  of  nitrogen  and  oxygen  occupy  about  99 
percent  of  the  volume,  with  argon  8ind  carbon  dioxide  being  the  next  two  most 
abundant  gases.  From  the  earth’s  surface  to  an  altitude  of  approximately  80  kilo¬ 
meters,  mechanical  mixing  of  the  atmosphere  by  heat-driven  air  currents  evenly 
distributes  the  components  of  the  atmosphere.  At  about  80  kilometers,  the  mixing 
decreases  to  the  point  where  the  gases  tend  to  stratify  in  accordance  with  their 
weights. 

The  lower,  well-mixed  portion  of  the  atmosphere  is  called  the  homosphere; 
while  the  higher,  stratified  portion  is  called  the  heterosphere. 

The  molecules  of  atmospheric  gases  are  composed  of  atoms  which  consist  of  a 
positively  charged  nuclei  surrounded  by  shells  of  negatively  charged  electrons.  In  a 
stable  atom,  these  charges  are  balanced.  Should  a  stable  atom  absorb  electromagne¬ 
tic  radiation  or  collide  with  another  atom,  the  electric  balance  may  be  upset  such 
that  an  electron  may  be  "knocked  off”  or  separated  from  the  atom.  This  process 
produces  a  positively  charged  atom  (an  ion)  and  a  free  floating  electron.  The  separa¬ 
tion  of  charged  particles  is  know  n  ea  “ionization.”  The  number  of  free  electrons  per 
unit  volume  is  called  “electi  on  density”  which  ia  a  measure  of  the  extent  of  ioniza¬ 
tion.  Because  the  peak  of  the  ionization  process  occurs  within  the  heterosphere,  the 
heterosphere  is  commonly  referred  to  as  the  “ionosphere.” 

Since  human  activity  is  confined  to  the  lowest  part  of  the  homosphere,  it  is 
convenient  to  divide  the  homosphere  into  layers  so  one  may  talk  about  the  lowest 
part  or  the  highest  part.  By  using  temperature  gradients,  the  homosphere  may  be 
divided  into  three  layers:  the  troposphere,  closest  to  the  ground;  the  stratosphere, 
lying  above  the  troposphere;  and  the  mesosphere,  lying  between  the  stratosphere  and 
the  heterosphere. 
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The  refractive  index  is  quite  different  in  the  ionosphere  and  the  troposphere; 
therefore,  electromagnetic  wave  propagation  through  each  region  is  examined 
separately. 

3.21  Ionosphere 
3.2.1.1  Ionization. 

As  mentioned  above,  a  molecule  of  gas  may  be  split  into  atoms  or  an  electron 
may  be  separated  from  an  atom  only  with  a  speciflc  amount  of  energy.  In  other 
words,  a  given  gas  absorbing  radiation  will  be  ionized  if  the  radiation  frequency  is  in 
excess  of  a  certain  critical  value.  This  value  is  known  as  ionization  frequency  or 
ionization  wavelength. 

While  the  sun  continues  to  radiate  energy  at  all  wavelengths  of  the  electro¬ 
magnetic  spectrum,  a  radiation  peak  occurs  within  the  ultraviolet  wavelengths. 

These  ultraviolet  wavelengths  contain  the  necessary  energy  to  ionize  the  nitrogen 
and  oxygen  of  the  heterosphere,  thereby  producing  atomic  nitrogen  and  osQrgen,  ions 
of  nitrogen  and  oiQrgen,  and  free  electrons.  In  addition  to  electromagnetic  radiation, 
the  sun  also  produces  its  own  ions  of  hydrogen  and  helium  and  electrons  which  are 
projected  into  space  with  speeds  near  that  of  light.  This  flow  of  ions  and  free  elec¬ 
trons  from  the  sun  is  known  as  the  solar  wind.  These  ions  and  free  electrons  have 
sufficient  energy  (velocity)  so  that  their  collision  with  the  nitrogen  and  oaygen  of  the 
earth’s  heterosphere  will  also  produce  ionization. 

The  output  of  radiation  and  solar  wind  is  not  constant  with  time.  The  inten¬ 
sity  of  the  radiation  and  solar  wind  is  directly  proportional  to  the  intensity  of  sun¬ 
spots,  solar  flares,  and  other  solar-magnetic  disturbances.  Other  agents,  such  as 
electromagnetic  radiation  from  stars  and  cosmic  dust  entering  the  earth’s  atmos¬ 
phere,  also  play  a  part  in  ionizing  the  heterosphere  but  not  to  the  extent  of  the  sun. 

With  a  constant  input  of  radiation  over  time,  the  entire  atmosphere  should 
become  ionized.  This  does  not  happen  however.  Only  a  portion  of  the  earth’s 
atmosphere  is  receiving  radiation  at  any  time  (the  portion  facing  the  sun).  In  their 
travels,  the  free  electrons,  ions,  molecules,  and  atoms  will  collide  with  each  other, 
recombining  back  into  various  forms  of  stable  atoms  or  molecules.  The  rate  of 
recombination  is  inversely  proportional  to  the  square  of  the  electron  density.  Thus, 
the  rate  of  recombination  will  be  very  quick  with  the  fall  of  ni^t  and  will  slow  down 
as  the  night  progresses. 

The  peak  effect  of  ionization  does  not  occur  at  all  altitudes  of  the  atmosphere. 
At  the  earth’s  surface,  significant  ionization  does  not  occur  since  the  ionizing  radia¬ 
tion  is  expended  before  it  penetrates  the  entire  depth  of  the  atmosphere.  At  the  top  of 
the  atmosphere,  even  thouf^  the  radiation  level  is  at  its  peak,  there  are  so  few  atoms 
present  that  even  if  they  all  were  ionized,  tlie  effect  they  would  produce  would  be 
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inconsequential.  Exploration  of  the  heterosphere  with  rockets,  satellites,  and  disper¬ 
sion  interferometers  have  shown  that  there  is  a  rather  well-defined  reg^ion  or  layer, 
called  the  F2  layer,  and  several  rather  ill-defined  regions  or  layers,  called  the  D,  E, 
and  FI  layers,  where  electron  density  shows  a  peak.  These  layers  are  ill-defined  in 
altitude  and  intensity  because,  as  discussed  earlier,  electron  density  depends  upon 
sola^  activity  (flares  and  storms),  duration  of  radiation  (day  versus  night),  and  the 
recombining  activity  of  the  ions  and  free  electrons.  For  example,  after  nightfall,  the 
D  layer  disappears  because  of  the  high  rate  of  recombination. 

3.2. 1.2  Refractive  Index  of  an  Ionized  Medium  in  the  Presence  of  a  Permanent 
Magnetic  Field. 

The  permanent  geomagnetic  field  of  the  earth  makes  the  ionized  gases  of  the 
heterosphere  an  anisotropic  medium,  that  is,  one  having  different  properties  in 
differing  directions.  The  geomagnetic  field  exerts  an  additional  force  (the  Lorentz 
force)  upon  a  traveling  electron,  causing  it  to  travel  not  in  a  straight  line  but  in  a 
complicated  spiral  in  a  plane  which  is  normal  (at  right  angles)  to  the  direction  of 
propagation.  Therefore,  a  linearly  polarized  wave,  spiraling  in  relation  to  the  geo¬ 
magnetic  field,  will  be  split  into  two  waves;  an  ordinary  wave  where  the  electric  field 
is  parallel  to  the  geomagnetic  field,  and  an  extraordinary  wave  where  the  electric 
field  is  at  right  angles  to  the  geomagnetic  field.  The  ordinary  wave  will  propagate  as 
though  no  magnetic  field  were  present.  The  extraordinary  wave,  however,  is  acceler¬ 
ated  by  the  magnetic  field,  thus  propagates  with  a  greater  velocity  than  the  ordinary 
wave.  With  a  change  of  velocity,  the  frequency  of  the  extraordinary  wave  also 
changes.  The  index  of  refraction,  equation  4,  defined  in  terms  of  velocity,  now 
becomes  a  function  of  frequency. 

Waves  traveling  with  variable  velocities,  variable  energy  losses  occurring  by 
collisions  between  different  sized  particles,  and  the  variable  energy  absorption 
associated  with  ordinary  and  extraordinary  waves  further  complicate  the  refractive 
index  within  the  ionosphere. 

3.2. 1.3  Refraction  and  Reflection  of  Electromagnetic  Waves  in  the  Ionosphere. 

Since  the  refractive  index  within  the  ionosphere  is  frequency  dependent,  only 
a  wave  with  a  frequency  below  a  critical  value  (approximately  20  megahertz)  will  be 
refracted  within  the  ionosphere.  Wave  propagating  from  a  nonionized  atmosphere 
(originating  from  the  earth’s  surface)  into  one  which  is  ionized  emd  stratified,  will 
bend  in  the  direction  of  greatest  density.  If  its  penetration  angle  is  sufficiently 
shallow,  it  will  achieve  a  path  which  is  parallel  to  the  stratum.  If,  however,  the 
penetration  angle  is  steep,  the  wave  will  escape  through  the  ionosphere  into  space. 
Once  the  wave  path  becomes  parallel  to  the  stratum,  it  is  not  obvious  why  a  wave 
will  return  to  a  r  egion  of  lesser  density,  or  in  other  words,  why  a  wave  will  return  to 
the  earth’s  surface.  It  has  been  found  that  as  the  electron  density  increases  with 
height  and  the  vertical  gradient  of  the  density  is  not  less  than  a  certain  critical  value. 
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the  propagating  wave  will  be  reflected  back  toward  the  earth’s  surface.  In  addition  to 
electron  density,  the  reflection  of  an  electromagnetic  wave  is  a  function  of  frequency. 
Therefore,  as  electron  densities  change  with  changing  solar  activities,  the  frequency 
of  a  reflected  wave  will  change.  Waves  of  different  fiequencioe  will  be  reflected  at 
different  altitudes  within  the  ionosphere  resulting  in  differs  .it  paths  as  shown  in 
figure  5,  which  illustrates  tlie  paths  of  the  ordinary  and  extraordinary  wave.  For 
long-range,  over-the-horizon,  high  frequency  (HF)  communications,  it  is  generally 
necessary  to  continually  shift  the  frequencies  transmitted  to  insure  continuous 
communications. 


TESS  and  IREPS  are  designed  to  assess  the  performance  of  radars,  idtrahigh 
frequency  (UHF)  communications,  and  electronic  warfare  (EW)  ^tems.  Because  the 
frequencies  of  these  tystems  are  above  those  affected  by  the  ionosphere,  propagation 
within  the  ionosphere  is  not  considered.  The  Propagation  Forecasting  Terminal 
(PROPHET)  ystem  developed  at  the  Naval  Ocean  System  Center  (NOSC)  does 
consider  propagation  through  the  ionosphere.  A  description  of  the  PROPHET  system 
and  its  use  is  presented  in  NOSC  Technical  Document  848. 

3.2.2  Troposphere 

Within  the  troposphere,  the  process  of  ionization  does  not  take  place  to  a 
significant  degree.  Therefore,  the  magnetic  field  of  the  earth  does  not  affect  electro¬ 
magnetic  wave  propagation.  The  troposphere  is  an  isotropic  medium,  that  is,  one 
having  the  same  properties  in  differing  directions.  Thus,  the  frequency  dependency  is 
removed  from  the  refractive  index.  Throughout  the  entire  homosphere,  the  atmos¬ 
phere’s  effects  upon  wave  propagation  are  the  same. 

The  troposphere  extends  from  the  earth’s  surface  to  an  altitude  of  8  to  10 
kilometers  at  polar  latitudes,  10  to  12  kilometers  at  middle  latitudes,  and  up  to  18 
kilometers  at  the  equator.  It  is  characterized  by  a  temperature  decrease  with  height. 
The  point  at  which  the  temperature  ceases  to  decrease  with  height  is  known  as  the 
tropopause.  The  average  vertical  temperature  gradient  of  the  troposphere  varies 
between  6  and  7*C  per  kilometer. 
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The  concentrations  of  gas  components  of  the  troposphere  vaiy  little  with 
height,  except  for  water  vapor.  The  water  vapor  content  of  the  troposphere  comes 
from  evaporation  of  water  from  oceans,  lakes,  rivers,  and  other  water  reservoirs. 
Differential  heating  of  land  and  ocean  surfaces  produces  vertical  and  horizontal  wind 
circulations  which  distribute  the  water  vapor  throughout  the  troposphere.  The  water 
vapor  content  of  the  troposphere  rapidly  decreases  with  hei{^t.  At  an  altitude  of  1.5 
kilometers,  the  water  vapor  content  is  approximately  half  of  the  surface  content.  At 
the  tropopause,  the  content  is  only  a  few  thousandths  of  what  it  is  at  the  surface. 

In  1925,  the  International  Commission  for  Aeronavigation  defined  the  “inter¬ 
national  standard  atmosphere.”  This  is  a  hypothetical  atmosphere  having  an  arbi¬ 
trarily  selected  set  of  characteristics  reflecting  an  average  condition  of  the  real 
atmosphere.  Assessment  ^tems  such  as  TESS  and  IREPS  will  present  propagation 
resulting  from  standard  conditions  and  propagation  which  results  from  nonstandard 
conditions. 

3.3  REFRACTIVnT 


The  normal  value  of  n  for  the  atmosphere  near  the  earth’s  surface  varies 
between  1.000250  and  1.000400.  For  studies  of  propagation,  the  index  of  refraction 
is  not  a  very  convenient  number;  therefore,  a  scaled  index  of  refraction,  N,  called 
refractivity,  has  been  defined.  At  microwave  frequencies,  the  relationship  between 
the  index  of  refraction  n  and  refractivity  N  for  air  which  contains  water  vapor  is 
given  as: 


(n-  1)  10^  =  N 


77.6  o 
- 1_  ^ 

T 


3.75  X  10^  e 
t2 


(5) 


where  e  =  partial  pressure  of  water  vapor  in  millibars  or 


e 

a 


rh 

100 


6.105  exp  (a) 


25.22  X 


(T  -  273.2) 
T 


5.31  X 


^273.2^ 


p  -  atmosphere’s  barometric  pressure  in  millibars 
T  -  atmosphere’s  absolute  temperature  in  degrees  Kelvin 
rh  s  atmosphere’s  relative  humidity  in  percent 


(6) 


Thus,  the  atmospheric  refractivity  near  the  earth’s  surface  would  normally  vary 
between  250  and  400  N  units. 


Since  the  barometric  pressure  and  water-vapor  content  of  the  atmosphere 
decrease  rapidly  with  height  while  the  temperature  decreases  slowly  with  height,  the 
index  of  refraction  and,  therefore,  refractivity  normally  decreases  with  increasing 
altitude. 
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3.4  REFRACTION  IN  THE  TROPOSPHERE 


3.4.1  Standard  Refraction 

In  free  space,  an  electromagnetic  wave  will  travel  in  a  straight  line  because 
the  index  of  refraction  is  everywhere  the  same.  Within  the  earth's  atmosphere, 
however,  the  velocity  of  the  wave  is  less  than  that  of  free  space  and  the  index  of 
refraction  decreases  with  increasing  altitude.  Therefore,  the  propagating  wave  will 
be  bent  downward  from  a  straight  line.  It  is  more  convenient,  however,  to  compute 
refractivity  in  terms  of  waves  traveling  in  straight  lines.  This  may  be  approximated 
by  replacing  the  actual  earth’s  radius  with  one  approximately  four-thirds  as  great 
(often  referred  to  as  the  effective  earth’s  radius)  and  replacing  the  actual  atmosphere 
by  one  that  is  homogeneous  in  nature.  The  refractivity  in  this  orientation  is  called 
modified  refractivity  and  is  expressed  in  M  units  where  the  relationship  between  N 
and  M  units  is 

M  =  N  +  0.157  h  for  altitude  h  in  meters 

M  =  N  +  0.048  h  for  altitude  h  in  feet.  (7) 

The  refraction  occurring  in  the  standard  troposphere  is  referred  to  as  “standard 
refraction.*  The  refractivity  and  modified  refiractivity  profiles  for  this  condition  are 
illustrated  in  figure  6.  Figure  7  shows  the  wave  path  under  various  refractive 
conditions. 


Rgure  6.  Refractivity  N  and  modified  refractivity  M  versus  altitude 
for  various  refractive  conditions. 
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Figure  7.  Wave  paths  for  various  refractive  conditions. 

3.4.2  Subrefraction 

If  the  motions  of  the  atmosphere  produce  a  situation  where  the  temperature 
and  humidity  distribution  creates  £in  increasing  value  of  N  with  height,  the  wave 
path  would  actually  bend  upward  and  the  energy  would  travel  away  from  the  earth. 
This  is  termed  negative  refraction  or  subrefraction.  Although  this  situation  rarely 
occurs  in  nature,  it  still  must  be  considered  when  assessing  electromagnetic  system’s 
performance.  Figures  6  and  7  illustrate  the  refractivity  profiles  and  the  wave  path 
for  subrefraction. 

3.4.3  Superrefraction 

As  discussed  in  section  3.4.1,  a  standard  atmosphere  has  a  refractivity 
gradient  which  causes  waves  to  bend  downward  from  a  straight  line.  If  the 
troposphere’s  temperature  increases  with  height  (temperature  inversion)  and/or  the 
water  vapor  content  decreases  rapidly  with  height,  the  refractivity  gradient  will 
decrease  from  the  standard  (equation  5).  The  propagating  wave  will  be  bent  down¬ 
ward  from  a  straight  line  more  than  normal.  As  the  refractivity  gradient  continues 
to  decrease,  the  radius  of  curvature  for  the  wave  path  will  approach  the  radius  of 
curvature  for  the  earth.  The  refractivity  gradient  for  which  the  two  radii  of  curva¬ 
ture  are  equal  is  referred  to  as  the  “critical”  gradient.  At  the  critical  gradient,  the 
wave  will  propagate  at  a  fixed  height  above  the  ground  and  will  travel  parallel  to  the 
earth.  Refraction  between  tho  normal  and  critical  gradients  is  known  as  superrefrac¬ 
tion.  Figures  6  and  7  illustrate  the  refractivity  profiles  and  the  wave  path  for 
superrefraction. 


3.4.4  Trapping 


Should  the  refractivity  gradient  decrease  beyond  the  critical  gradient,  the 
radius  of  curvature  for  the  wave  will  become  smaller  than  that  of  the  earth’s  and  the 
wave  will  either  strike  the  earth  and  undergo  surface  reflection,  or  enter  a  region  of 
standard  refraction  and  be  refracted  back  upward,  only  to  reenter  the  area  of  refrac¬ 
tivity  gradient  which  causes  downward  refraction.  This  refractive  condition  is  called 
trapping  since  the  wave  is  confined  to  a  narrow  region  of  the  troposphere.  The  com¬ 
mon  term  for  this  confinement  region  is  a  tropospheric  “duct”  or  a  tropospheric 
"waveguide.”  It  should  be  noted  that  a  tropospheric  waveguide  is  not  a  waveguide  in 
the  true  sense  of  the  word  since  there  are  no  rigid  walls  which  prevent  the  escape  of 
energy  from  the  guide.  Figures  6  and  7  illustrate  the  refractivity  profiles  and  the 
wave  path  for  trapping. 

Table  2  summarizes  the  refractivity  gradients  and  their  associated  refractive 
conditions. 


Table  2.  Relatioi*  of  N  and  M  gradients  to  refraction. 


N-Gradient  M— Gradient 


Trapping 

VI  VI 

Superrefractive 

-157 

to 

-  48 

to 

Standard 

-  79 

to 

-  24 

to 

Subrefractive 

> 

> 

-167N/km 

0  M/km 

-  48N/kft 

0 

M/kft 

-  79N/km 

0  to 

79 

M/km 

-24N/kft 

0  to 

24 

M/kft 

ON/km 

79  to 

157 

M/km 

ON/kR 

24  to 

48 

M/kft 

0  N/km 

> 

157 

M/km 

ON/kft 

> 

48 
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4.0  ELECTROMAGNETIC  WAVE  PROPAGATION 

MECHANISMS 


4.1  STANDARD  PROPAGATION 


Standard  propagation  mechanisms  are  those  propagation  mechanisms  and 
processes  that  are  independent  of  the  existing  refractivity  conditions.  These  propa¬ 
gation  mechanisms  are  free-space  propagation,  optical  interference  (or  surface  reflec¬ 
tion),  diffraction,  and  tropospheric  scatter. 

4.1.1  Free-Space  Propagation 

The  simplest  case  of  electromagnetic  wave  propagation  is  the  transmission  of 
a  wave  between  a  transmitter  and  a  receiver  in  free  space.  Free  space  is  defined  as  a 
region  whose  properties  are  isotropic,  homogeneous,  sind  loss-free,  i.e.,  away  from  the 
influences  of  the  earth’s  atmosphere.  In  free  space,  the  electromagnetic  wave  front 
spreads  uniformly  in  all  directions  from  the  transmitter.  If  a  particular  point  on  a 
wave  front  is  followed  over  time,  the  collection  of  point  positions  would  define  a  ray. 
The  ray  would  coincide  with  a  straight  line  from  the  transmitter  to  the  receiver. 
Often  wave  propagation  is  illustrated  with  the  aid  of  rays  such  as  in  figure  7. 


While  the  total  amount  of  energy  transmitted  does  not  vary,  i.e.,  no  losses  to 
absorption,  etc.,  the  energy  is  distributed  over  an  ever  enlarging  surface.  Thus  the 
energy  level  along  any  one  ray  decreases  inversely  with  the  square  of  the  sphere’s 
radius.  This  is  called  the  free-space  path  loss.  The  power  density,  (W/m^,  over  a 
sphere  at  any  point  in  free-space.  Pa  is 


Pa 


43t  r 


(8) 


where  Pt  is  the  power  radiated  by  the  transmitter  in  watts  and  r  is  radius  of  the 
sphere  in  meters. 


In  free  space,  thrower  density  at  a  loss-free,  isotropic  receiving  antenna  is 
the  power  density  over  the  entire  sphere’s  surface  times  the  area  of  the  sphere 
covered  by  the  receiver  antenna,  also  called  the  antenna’s  effective  aperture.  A©.  The 
effective  aperture  is  related  to  the  wavelength  (K)  of  radiation  by 


Ae  = 


4;r 


(9) 


where  G  is  the  antenna’s  gain  (section  5.3).  For  a  loss-free,  isotropic  antenna,  G  is 
unity.  Thus,  the  power  at  the  receiver,  P^,  is 


Pr  =  Pa  Ae 


Pt 

(  4  ;r  r  )^ 


(10) 
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(11) 


4.1.2  Optical  Interference  and  Surface  Reflection 

When  an  electromagnetic  wave  strikes  a  nearly  smooth,  large  surface,  such  as 
the  ocean,  a  portion  of  the  energy  is  reflected  from  the  surface  and  continues 
propagating  along  a  path  that  makes  an  angle  with  the  surface  equal  to  that  of  the 
incident  ray,  as  illustrated  by  figure  8. 


Figure  8.  Incident  ray  and  reflected  ray  illustrating  equal  angles  of  reflection. 


The  strength  of  the  reflected  wave  is  determined  by  the  reflection  coefficient,  a 
value  which  depends  upon  the  frequency  and  polarization  of  radiation,  the  angle  of 
incidence,  and  the  roughness  of  the  reflecting  surface. 

l^pical  values  of  the  reflection  coefficient  for  shallow  incidence  angles  and 
smooth  seas  are  0.99  (i.e.,  the  reflected  wave  is  99  percent  as  strong  as  the  incidence 
wave).  As  the  wind  speed  increases,  the  ocean  s\irface  grows  rougher  and  the  reflec¬ 
tion  coefficient  can  decrease  to  about  0.15.  For  a  transmitter  near  the  surface,  the 
reflection  process  results  in  two  paths  to  a  receiver  within  the  line  of  sight,  as 
illustrated  by  figure  9. 


Figure  9.  Surface-to-air  geometry  illustrating  direct  and  sea-reflected  paths. 


Not  only  is  the  magnitude  of  the  reflected  wave  reduced,  but  the  phase  of  the 
wave  is  also  altered.  For  horizontally  or  vertically  polarized  waves  at  low  grazing 
angles,  there  is  a  180-degree  phase  change  upon  reflection.  Whenever  two  or  more 
wave  trains  traveling  over  different  paths  intersect  at  a  point  in  space,  they  are  said 
to  interfere.  If  two  waves  arrive  at  the  same  point  in  phase,  they  constructively 
interfere  and  the  electric  field  strength  is  greater  than  either  of  the  two  component 
waves  taken  alone.  If  the  two  waves  arrive  together  out  of  phase,  they  destructively 
interfere  and  the  resultant  field  strength  is  weakened. 
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As  the  geometry  of  figure  9  changes,  the  relative  lengths  of  the  direct  path  and 
reflected  path  also  change,  which  results  in  the  direct  and  reflected  wave  arriving  at 
the  receiver  in  varying  amounts  of  phase  difference.  The  received  signal  strength, 
which  is  the  vector  sum  of  the  signal  strengths  of  the  direct  and  reflected  wave,  may 
vary  up  to  6  dB  above  and  20  dB  or  more  below  the  free-space  value.  This  fluctua¬ 
tion  in  power  is  known  as  “fading.” 

4.1.3  Diffi^ction 

Energy  tends  to  follow  along  the  curved  surface  of  an  object.  Diffraction  is 
the  process  by  which  the  direction  of  propagating  radiation  is  changed  so  that  it 
spreads  iiito  the  geometric  shadow  region,  figure  10,  of  an  opaque  or  refractive  object 
which  lies  in  the  radiation  field.  In  the  earth-atmosphere  ^tem,  diffraction  occurs 
where  the  straight-line  distance  between  the  transmitter  and  receiver  is  just  tangent 
to  the  earth's  surface.  This  point  of  tangen<^  with  the  earth  is  referred  to  as  the 
geometrical,  or  optical,  horizon.  This  is  also  the  radar  horizon  and  is  given  by 
equation  13. 


horizon  =  3.572  (  (kHj)-^  +  )  (13) 

where  k  is  the  effective  earth  radius  and  Ht  and  Hf  are  the  electromagnetic 
^tern's  transmitter  and  receiver/target  heights,  respectively,  in  meters. 


Figure  10.  Radar  horizon  and  diffraction  region  shadow  zone. 

The  ability  of  the  electromagnetic  wave  to  propagate  around  the  earth’s  curva¬ 
ture  by  diffraction  is  highly  dependent  upon  frequency.  'The  lower  the  frequency,  the 
more  the  wave  is  diffracted.  Diffraction,  in  addition  to  ionization,  is  important  at 
veiy  low  frequencies  (VLF)  where  it  assists  in  providing  world-wide  communications. 
At  radar  frequencies  the  wavelength  is  small  when  compared  to  the  earth’s  dimen¬ 
sions  and  little  energy  is  diffracted.  At  optical  frequencies  or  very  short  radar  wave¬ 
lengths,  the  optical  horizon  represents  the  approximate  boundary  between  regions  of 
propagation  and  no  propagation. 
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The  electric  field  strengths  within  the  diffraction  region  can  be  determined  by 
summing  the  power  along  all  the  different  geometries  (modes)  that  a  wave  may  take, 
assuming  the  atmosphere  acts  like  a  waveguide  in  the  diffraction  region.  Or  in  other 
words,  finding  the  solution  to  the  fundamental  equation  of  mode  theory.  For  a 
standard  atmosphere,  an  acceptable  solution  may  be  represented  by  a  sin^e  mode. 
However,  at  the  horizon  (the  intermediate  region  between  the  optical  region  and  the 
diffraction  region),  a  single  mode  is  not  sufficient  and  the  equation  must  be  solved  for 
a  large  number  of  possible  modes.  This  calculation  is  extremely  labor  intensive.  To 
speed  the  calculation  in  this  intermediate  region,  a  “bold  interpolation”  between  the 
last  path-loss  value  of  the  optical  region  and  the  first  path-loss  value  in  the  single 
mode  diffraction  region  is  made. 

4.1.4  Tropospheric  Scatter 

At  ranges  far  beyond  the  horizon,  the  path  loss  is  dominated  by  troposcatter. 
Propagation  in  the  troposcatter  region  is  the  result  of  scattering  as  discussed  in 
section  2.5.  The  calculation  of  path  loss  in  the  troposcatter  region  is  quite  easily 
performed  by  using  semiempirical  formulations.  The  rate  at  which  the  path  loss 
increases  with  range,  within  the  troposcatter  region,  is  considerably  less  than  the 
rate  in  the  diffraction  region. 

4.1.5  Atmospheric  Path  Loss 

For  assessment  systems  such  as  TESS  or  IREPS,  a  i^ystem’s  performance  in 
the  atmosphere  is  often  compared  to  its  performance  in  free  space.  As  seen  above, 
the  path  loss  (or  the  decrease  of  energy  along  the  path  from  the  transmitter  to  the 
receiver)  is  a  function  of  path  interference  within  the  optical  horizon,  the  diffraction 
of  energy  around  the  curvature  of  the  earth,  the  scattering  of  energy  in  regions  well 
beyond  the  horizon,  and,  of  course,  the  refractive  condition  of  the  atmosphere. 

A  convenient  form  to  displaj^  system  performance  is  by  plotting  a  performance 
threshold  upon  a  path  loss  versus  riange  display.  Figure  11  shows  a  plot  of  path  loss 
versus  range  for  a  5000-MHz  transmitter  located  60  feet  above  the  sea  surface,  a 
receiver  at  100  feet  above  the  sea  surface,  and  standard  refractive  conditions.  For 
comparison  purposes,  the  path  loss  in  free  space  is  also  illustrated.  The  regions  are 
labeled  to  indicate  the  primary  physical  mechanism  which  dominates  the  propagation 
in  the  region,  i.e.,  interference,  diffraction,  and  scattering.  As  stated  in  section  4.1.2,, 
the  depth  of  the  nulls  (maximum  destructive  interference)  and  the  height  of  the  peaks 
(maximum  constructive  interference)  depend  very  much  on  the  surface  roughness 
related  to  the  wind  speed.  The  example  here  is  for  a  smooth  sea  surface  associated 
with  zero  wind  speed,  but,  as  the  wind  speed  increases,  the  path  loss  in  the  nulls 
would  approach  the  free-space  value.  A  ^stem  would  be  able  to  successfully  operate 
at  ranges  where  the  path  loss  did  not  exceed  the  threshold.  It  would  not  be  able  to 
successfully  operate  at  ranges  where  the  path  loss  exceeded  the  threshold. 
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F!gur«  1 1 .  Path-loss  oxve  fOr  a  5000-MHz  transmitter  at  60  feet,  a  receiver  at 
100  feet  above  the  surface,  and  standard  refractive  condition. 

As  discussed  in  section  2.5,  troposcatter  may  be  a  significant  method  of  energy 
propagation,  particularly  for  communication  and  ESM  intercept  ranges.  Figure  12 
illustrates  a  plot  of  &ee-space  path  loss,  standard  atmosphere  path  loss  considering 
troposcatter,  and  standard  atmosphere  path  loss  without  considering  troposcatter. 

As  can  be  seen,  an  ESM  receiver  with  a  threshold  of  212  dB  would  only  be  able  to 
intercept  the  transmitter  at  a  range  of  37  nautical  miles  (nmi)  without  the  aid  of 
troposcatter.  With  the  aid  of  troposcatter  propagation,  however,  the  transmitter’s 
signal  would  be  intercepted  at  a  range  of  85  nmi,  a  very  significant  increase  in  the 
intercept  range. 

Sometimes,  a  more  convenient  form  to  display  the  performance  capability  of 
an  electromagnetic  system  is  the  vertical  coverage  diagram,  which  shows  those  areas 
on  a  height  versus  range  plot  where  the  path-loss  values  are  always  less  than  some 
specified  value.  Figure  13  illustrates  the  vertical  coverage  diagram  associated  with 
the  path  loss  curve  of  figure  11.  The  shaded  area  in  the  diagram  represents  the  area 
in  which  detection  or  communications  is  expected.  The  display  clearly  shows  the 
effects  of  the  interference  region. 
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Figure  1 2.  Free-space  and  standard  atmosphere  path  loss, 
with  and  without  troposcatter  propagation. 


Figure  1 3.  Coverage  diagram  for  a  5000- MHz  transmitter  at  60  feet 
and  standard  refractive  conditions. 
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The  TESS/IREPS  models  used  with  the  coverage  and  loss  products  for  an 
airborne  ^tem  do  not  include  interference  effects.  Surface  systems  are  the  only 
systems  in  which  the  coverage  and  loss  products  include  the  effects  from  a  sea- 
reflected  ray.  For  graphics  drawing  convenience,  a  coverage  display  for  a  surface 
system  will  show  three  lobes  of  the  interference  pattern,  starting  with  the  lowest 
elevation  an^e.  For  angles  above  the  third  lobe,  the  spacing  between  lobes  becomes 
veiy  small  on  the  display  and  only  the  maximum  detection  envelope  is  shown.  A  loss 
display  for  a  surface  system  will  show  the  interference  null  locations  until  the  posi¬ 
tion  when  the  spacing  between  the  nulls  is  less  than  one-twentieth  of  the  maximum 
range.  At  close  ranges,  the  minimum  path  loss,  or  the  interference  peak,  is  plotted  to 
provide  an  envelope  to  the  tightly  spaced  null  positions. 

As  stated  above,  upon  reflection,  a  portion  of  the  energy  is  propagated  in  the 
direction  cf  initial  wave  motion.  A  portion  of  energy  is  also  reflected  backward 
toward  the  transmitter.  This  backward  reflected  energy  is  also  received  by  the  radar 
and  may  interfere  with  the  radar’s  ability  to  distinguish  a  desired  target.  This  back¬ 
ward  reflected  energy  is  called  clutter  (see  section  5.2).  The  TESS/IREPS  models  do 
not  include  any  effects  produced  by  sea  or  land  clutter  in  the  calculation  of  detection 
ranges.  This  shortcoming  may  be  of  importance  for  air-search  radars  in  the  detection 
of  airborne  targets. 

4.2  ANOMALOUS  PROPAGATION 

A  deviation  from  the  normal  atmospheric  refractivity  leads  to  conditions  of 
subrefraction,  superrefraction,  and  trapping  as  explained  in  sections  3.4.2,  3.4.3,  and 
3.4.4  respectively.  The  term  anomalous  propagation,  or  nonstandard  propagation, 
applies  to  any  of  the  above  listed  conditions,  but  it  is  most  often  used  when  describ¬ 
ing  those  conditions  which  lead  to  radar  ranges  or  ESM  intercept  ranges  well  beyond 
the  normal.  Anomalous  propagation  conditions  are  also  commonly  referred  to  as 
“ducting^  conditions,  although  the  term  ducting  only  applies  to  trapping  refractivity 
gradients. 

4.2.1  Subrefiractive  Layers 

As  stated  in  section  3.4.2,  a  subrefractive  layer  of  the  troposphere  would  cause 
the  propagating  energy  to  bend  upward  or  amay  from  a  flat  earth’s  surface,  thereby 
leading  to  decreased  detection  ranges  and  shortened  radio  horizons.  Altitude  errors 
for  height-finding  radars  will  also  become  evident  in  a  subrefractive  environment. 

Subrefractive  layers  may  be  found  both  at  the  earth’s  surface  or  aloft.  In 
areas  where  the  siirface  temperature  is  greater  than  30  ”0  and  relative  humidities  are 
less  than  40  percent  (i.e.,  large  desert  and  steppe  regions),  solar  heating  will  produce 
a  very  nearly  homogeneous  surface  liyer,  often  several  hundreds  of  meters  thick. 
Since  this  layer  is  absolutely  unstable,  the  resultant  convective  processes  tend  to 
concentrate  any  available  moisture  near  the  top  of  the  layer.  This  in  turn  creates  a 
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positive  N  gradient  or  subrefractive  statum  aloft.  This  layer  may  retain  its  subrefrac- 
tive  nature  into  the  early  evening  hours,  especially  if  a  radiation  inversion  develops, 
trapping  the  water  vapor  between  two  stable  layers. 

For  areas  with  surface  temperatures  between  10  and  30  "C  and  relative 
humidities  above  60  percent,  i.e.,  the  western  Mediterranean,  Red  Sea,  Indonesian 
Southwest  Pacific,  etc.,  surface-based  subrefractive  layers  may  develop  during  the 
night  and  early  morning  hours.  It  is  characteristically  caused  by  advection  (blowing 
horizontally)  of  warm,  moist  air  over  a  relatively  cooler  and  drier  surface.  While  the 
N  gradient  is  generally  more  intense  than  that  described  above,  the  layer  is  often  not 
as  thick.  Similar  conditions  may  also  be  found  in  regions  of  warm  frontal  activity. 

4.2.2  Superrefractive  Layers 

Superrefractive  conditions,  as  defined  in  section  3.4.3,  are  largely  associated 
with  temperature  and  humidity  variations  near  the  earth’s  surface.  Inversions  aloft, 
due  to  large-scale  subsidence  (slow  sinking  air)  will  lead  to  superrefractive  layers 
aloft.  Superrefractive  layers  will  lead  to  increase  radar  detection  ranges  and 
extensions  of  the  radio  horizon. 

The  effects  of  a  superrefractive  layer  upon  a  surface-based  system  is  directly 
related  to  its  height  above  the  earth’s  surface.  For  airborne  ^tems,  the  effects  of  a 
superrefractive  layer  depend  upon  the  position  of  the  transmitter  and  receiver 
relative  to  the  layer.  Both  of  these  factors  are  related  to  the  electromagnetic  wave’s 
angle  of  layer  penetration.  ’The  steeper  the  penetration  angle,  the  lees  of  an  effect  the 
layer  will  have  upon  propagation.  For  example,  refractive  effects  are  practically 
inconsequential  for  penetration  angles  greater  than  2°.  Trapping  is  an  extension  of 
superrefraction  because  the  meteorological  conditions  for  both  are  the  same. 
Additional  features  of  superrefractive  layers  will  be  presented  in  the  following 
section. 

► 

4.2.3  Atmosplieric  Ducts 

As  defined  in  section  3.4.4,  a  duct  is  a  channel  in  which  electromagnetic 
energy  can  propagate  over  great  ranges.  To  propagate  energy  within  a  duct,  the 
angle  the  electromagnetic  qrstem’s  energy  makes  with  the  duct  must  be  small, 
usually  lees  than  one  degree.  Thicker  ducts  in  general  can  support  trapping  for  lower 
frequencies,  but  there  is  no  simple  relationship  between  the  vertical  thickness  or 
strength  of  a  duct  and  the  frequencies  most  affected.  The  vertical  distribution  of 
refractivity  for  a  given  situation  must  be  considered  as  well  as  the  geometrical 
relationship  of  transmitter  and  receiver  to  the  duct  in  order  to  assess  the  duct’s  effect 
at  any  particular  frequency. 
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Ducts  not  only  give  extended  radar  detection,  UHF  communications,  and  ESM 
intercept  ranges  for  systems  within  the  duct,  th^  may  also  have  a  dramatic  effect 
upon  transmitter/receiver  systems  which  transcend  duct  boundaries.  For  example,  an 
air  target  which  would  normally  be  detected  may  be  missed  if  the  radar  is  within  ur 
just  below  the  duct  and  the  target  just  above  the  duct.  This  area  of  reduced  coverage 
is  known  as  a  radar  or  radio  "hole”  or  shadow  zone  and  is  illustrated  by  figure  14. 
Height  finding  radars  use  the  standard  refractivity  gradient  as  the  basis  for  hei^t 
calculations.  Should  the  refractivity  be  anomalous,  an  error  in  height  calculations 
will  result.  This  is  also  illustrated  in  figure  14.  It  should  be  emphasized  that 
althou^  the  duct  acts  like  a  waveguide  for  the  energy,  this  waveguide  does  not  have 
rigid  and  inpenetrable  boundaries  except  for  the  earth’s  surface  in  the  case  of 
surface-based  ducts.  Therefore  energy  is  continually  “leaking’’  from  the  duct.  While 
the  ener^  level  within  a  radar  hole  may  be  insufficent  for  radar  detection,  it  may  be 
sufficient  for  ESM  intercept. 

In  a  discussion  of  ducting  conditions  upon  electromagnetic  wave  propagation, 
the  usual  concern  is  propagation  beyond  the  normal  horizon.  Within  the  horizon, 
however,  ducting  also  has  an  effect.  Ducting  can  alter  the  normal  lobing  pattern 
caused  by  the  interference  of  the  direct  re^  and  the  surface-reflected  ray  as  illustrated 
in  figure  13.  The  relative  phase  between  the  direct  and  reflected  path  may  be  changed 
as  well  as  the  relative  amplitudes  of  the  two  rays.  The  effect  of  the  duct  on  the 
line-of-sigfat  propagation  is  to  reduce  the  angle  of  the  lowest  lobe,  bringing  it  closer  to 
the  surface. 

There  are  a  number  of  meterological  conditions  which  will  lead  to  the  creation 
of  ducts.  Should  these  conditions  occur  close  to  the  earth’s  surface  such  that  the  base 
of  the  duct  is  located  at  the  surface,  the  duct  is  referred  to  as  a  surface-based  duct.  If 
the  base  of  the  duct  is  above  the  surface,  the  duct  is  referred  to  as  an  elevated  duct. 

A  nearly  permanent  ducting  mechanism  created  at  the  air-sea  interface  is  known  as 
the  evaporation  duct,  which  is  very  important  for  near-surface  propagation  paths  at 
frequencies  above  2  GHz. 

Within  TESS/IREPS,  a  complete  climatological  description  of  propagation 
conditions  for  ocean  areas  of  the  world  is  available  within  the  historical  electro¬ 
magnetic  conditions  summary  (which  is  fully  described  within  section  10.6).  This 
information  is  also  available  within  NOSC  Technical  Document  573  (Revision  1). 

The  following  is  a  brief  description  of  the  three  duct  types  and  the  meteorological 
conditions  which  lead  to  their  creation. 

4.2.4  Surface-Based  Ducts 

Surface-based  ducts  occur  when  the  air  aloft  is  exceptionally  warm  and  dry  in 
comparison  with  the  air  at  the  earth’s  surface.  There  are  several  meteorological 
conditions  which  may  lead  to  the  formation  of  surface-based  ducts. 
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REDUCED  RANGE 


Figure  14.  An  example  of  extended  detection/ESM  Intercept  for  a  surface-based  radar 
with  its  associated  radar  hole  and  height  error. 

Over  land,  ducting  is  usually  caused  by  radiation  of  heat  from  the  earth  on 
clear  ni^ts,  especially  in  the  summer  when  the  ground  is  moist.  The  earth  loses 
heat  and  its  surface  temperature  falls,  but  there  is  little  or  no  change  in  the  temper¬ 
ature  of  the  troposphere  a  few  tens  of  meters  above  the  surface.  This  leads  to  a 
temperature  inversion  at  the  ground  with  a  sharp  decrease  in  the  moisture  with 
height.  Therefore,  over  land  masses  ducting  is  most  noticeable  at  night  and  usually 
disappears  during  the  warmer  parts  of  the  day.  It  must  be  noted  that  while  ducting 
occurs  over  land,  TESS/IREPS  model  limitations  preclude  the  use  of  these  assess¬ 
ment  systems  over  land. 

Over  the  ocean,  the  nighttime  radiational  cooling  of  the  surface  is  not 
observed  like  that  over  land.  Near  land  masses,  however,  warm  dry  continental  air 
may  be  advected  over  the  cooler  water  surface.  Examples  of  this  type  of  advection 
are  the  Santa  Ana  of  southern  California,  the  sirocco  of  the  southern  Medi;  erranean, 
and  the  shamal  of  the  Persian  Gulf.  This  will  lead  to  a  temperature  inversion  at  the 
surface.  In  addition,  moisture  is  added  to  the  air  by  evaporation,  producing  a  mois¬ 
ture  gradient  to  strengthen  the  ducting  conditions.  Surface-based  ducts  tend  to  be  on 
the  leeward  side  of  land  masses  and  may  occur  both  during  the  day  or  at  night.  In 
addition,  surface-based  ducts  may  extend  over  the  ocean  for  several  hundred  kilo¬ 
meters  and  may  be  very  persistent  (lasting  for  days). 
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Another  method  of  producing  surface-based  ducting  conditions  is  by  diver¬ 
gence  (spreading  out)  of  relatively  cool  air  under  a  thunderstorm.  While  this  method 
may  not  be  as  firequent  as  the  other  methods,  it  may  still  enhance  surface  propagation 
during  the  thimderstorm  activity,  usually  on  the  order  of  a  few  hours. 

With  the  exception  of  thunderstorm  conditions,  surface-based  ducting  is  asso¬ 
ciated  with  fair  weather,  with  increased  occurrence  of  surface-based  ducts  during  the 
warmer  months  and  in  more  equatorial  latitudes.  Anytime  the  troposphere  is  well 
mixed,  such  as  with  frontal  activity  or  with  high  wind  conditions,  surface-based 
ducting  is  decreased. 

Assessment  of  the  surface-based  duct  can  be  made  with  a  standard  radiosonde 
or  with  a  microwave  refractomater.  A  detailed  discussion  of  these  measurement  tech¬ 
niques  and  associated  problems  is  contained  within  sections  10.2  and  10.3.  Figure  15 
illustrates  the  refractivity  and  modified  refractivity  profile  versus  altitude  for  a 
surface-based  duct.  Of  particular  note  is  the  distinction  between  the  actual  layer  of 
the  troposphere  with  the  trapping  gradient  and  the  resulting  duct. 

Due  to  the  lack  of  sea  surface  or  land  clutter  modeling,  for  surface-based  ducts 
the  actual  detection  capability  at  some  ranges  for  air  targets  flying  just  above  the 
duct  may  be  reduced  . 


Figure  1 6.  Refractivity  N  and  modified  refractivity  M  versus  altitude  for  a  surface- 
based  duct  crested  by  an  elevated  trapping  layer. 
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4.2.5  Elevated  Ducts 


Great  semipermanent  surface  high-pressure  systems,  centered  at  approxi¬ 
mately  30  ®N  and  30  ®S  latitudes,  cover  the  ocean  areas  of  the  world.  Poleward  of 
these  systems  lay  the  midlatitude  westerly  winds  and  equatorward,  the  tropical 
easterlies  or  the  “tradewinds.”  Within  these  high-pressure  systems,  there  is  large- 
scale  subsidence  of  air  which  is  heated  as  it  undergoes  compression.  This  leads  to  a 
layer  of  warm,  air  overlaying  a  cool,  moist  layer  of  air  (often  called  the  marine 
boundary  layer).  The  resultant  inversion  is  referred  to  as  the  tradewind  inversion 
and  may  create  a  strong  ducting  condition  at  the  top  of  the  marine  boundary  layer. 
Elevated  ducts  may  vary  from  a  few  hundreds  meters  above  the  surface  at  the  eastern 
part  of  the  tropical  oceans  to  severed  thousand  meters  at  the  western  peui.  There  is 
al?o  a  general  decrease  in  refractivity  from  east  to  west.  For  exeunple,  edong  the 
.southern  California  coast,  elevated  ducts  occur  an  average  of  40  percent  of  the  time 
with  an  average  top  elevation  of  600  meters.  Along  the  coast  of  Japan,  elevated  ducts 
occur  an  average  of  10  percent  of  the  time  with  an  average  top  elevation  of  1500 
meters. 


It  should  be  noted  that  the  meteorologicad  conditions  necessary  for  a  surface- 
based  duct  are  the  same  as  those  for  an  elevated  duct.  In  fact,  a  surface-based  duct 
may  slope  upward  to  become  an  elevated  duct  as  warm,  dry  continental  air  glides 
over  cool,  moist  marine  air.  The  tradewind  inversion  may  also  intensify,  thereby 
turning  an  elevated  duct  into  a  surface-based  duct. 

Assessment  of  the  elevated  duct  can  be  made  with  a  standard  radiosonde  or 
with  a  microwave  refractometer.  A  detailed  discussion  of  these  measurement  tech¬ 
niques  and  associated  problems  is  contained  within  sections  10.2  and  10.3.  Figure  16 
illustrates  the  refractivity  and  modified  refractivity  profiles  versus  altitude  for  an 
elevated  duct. 

The  TESS/IREPS  models  account  for  low-elevated  ducts  and  surface-based 
ducts  provided  the  transmitter  or  radar  antenna  is  within  the  duct.  The  models  do 
not,  however,  properly  account  for  the  over-the-horizon  regions  for  low-elevated  ducts 
when  the  bottom  of  the  duct  is  just  above  the  transmitter  or  radar  antenna.  The 
calculated  ranges  for  the  coverage  display  will  generally  be  less,  and  the  path-loss 
values  for  the  loss  display  will  be  greater  than  the  corresponding  actual  ranges  and 
path-loss  values.  The  error  becomes  less  the  higher  the  elevated  duct  is  above  the 
transmitter  or  antenna  and  should  be  insignificant  when  the  separation  exceeds  a  few 
thousand  feet.  The  interference  region  calculations  are  correct  for  low-elevated 
ducts. 
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Figure  16.  Refractivity  N  and  modified  refractivity  M  versu!>  altitude  for  an  elevated 

duct  created  by  an  elevated  trapping  layer. 

4.2.6  Evaporation  Ducts 

As  can  be  seen  from  equation  5,  a  change  in  the  moisture  distribution  without 
an  accompanying  temperature  change  can  also  lead  to  a  trapping  refractivity.  The 
air  in  contact  with  the  ocean’s  surface  is  saturated  with  water  vapor.  A  few  meters 
above  the  surface,  the  air  is  not  usually  saturated  so  there  is  a  decrease  of  water 
vapor  pressure  from  the  surface  to  some  value  well  above  the  surface.  This  decrease 
in  water  vapor  pressure  tends  to  be  logarithmic,  figure  17,  leading  to  a  logarithmic 
decreasing  refractive  index.  The  duct  which  results  is  knovm  as  an  evaporation  duct. 

Evaporation  ducts  exist  over  the  ocean,  to  some  degree,  almost  all  of  the  time. 
The  height  varies  from  a  meter  or  two  in  northern  latitudes  during  winter  nights  to 
as  much  as  40  meters  in  equatorial  latitudes  during  summer  days.  On  a  world 
average,  the  evaporation  duct  height  is  approximately  13  meters.  It  should  be 
emphasized  that  the  evaporation  duct  "hei^t”  i^  not  a  hei^t  below  which  an 
antenna  must  be  located  in  order  to  have  extended  propagation,  but  a  value  which 
relates  to  the  duct’s  strength  or  its  ability  to  trap  radiation.  The  duct  strength  is 
also  a  function  of  wind  velocity.  Stronger  winds  generally  result  in  stronger  signal 
strengths  (or  less  propagation  loss)  than  do  weaker  winds. 

To  illustrate  the  concept  of  a  variable  evaporation  duct  height  effect  upon  a 
hxed  height  antenna,  figure  18  shows  the  relationship  between  detection  range  and 
evaporation  duct  height  for  a  C-band  surface-search  radar.  ’The  radar  antenna  in  this 
case  is  at  33.5  meters  above  the  sea  surface  and  the  target  is  a  ship  of  destroyer  size. 
Both  multimode  and  single-mode  model  (that  of  TESS/IREPS)  behavior  is  shown. 
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ALTITUDE 


Figure  17.  Relative  humidity  and  modified  refractivity  M  versus  altitude  for  an 
evaporation  duct. 


Figure  1 8.  Detection  range  versus  evaporation  duct  height 
for  a  C-band  radar  with  an  antenna  height  of  33.5  meters 
and  90-percent  probability  of  detection  of  a  destroyer-sized 
surface  target. 
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From  figure  18,  it  can  be  seen  that  for  an  evaporation  duct  height  of  zero,  the 
detection  range  is  approximately  19.5  nmi  (corresponding  to  the  normal  radar  hori¬ 
zon).  As  the  evaporation  duct  height  increiuses,  the  detection  range  increases  until 
the  duct  height  reaches  approximately  19  meters.  As  the  duct  hei^t  increases 
beyond  19  meters,  the  detection  range  decreases  until  a  minimum  of  approximately 
26  nmi  is  reached.  The  detection  range  decrease  between  the  multimode  and  single¬ 
mode  model  is  due  to  the  interaction  between  the  height-gain  of  the  antenna  and  the 
attenuation  rate.  This  interaction  exaggerates  the  actual  modal  interference  effects. 

Since  the  evaporation  duct  is  much  weaker  than  the  surface-based  duct 
discussed  in  section  4.2.4,  its  ability  to  trap  energy  is  highly  fi'equency  dependent. 
(Generally,  the  evaporation  duct  is  only  strong  enough  to  affect  electromagnetic 
s3rstems  above  2  GHz.  The  peak  in  detection  range  of  figure  18  would  occur  at  higher 
duct  heights  for  lower  frequencies  and  at  lower  duct  heights  for  higher  frequencies. 

The  proper  assessment  of  the  evaporation  duct  can  only  be  performed  by 
making  surface  meteorological  measurements  and  inferring  the  duct  hei^t  fi'om  the 
meteorological  processes  occurring  at  the  air/sea  interface.  The  evaporation  duct 
height  cannot  be  measured  using  a  radiosonde  or  a  microwave  refractometer.  With 
the  advent  of  newer,  high-resolution  sondes  which  may  be  lowered  to  the  surface 
from  a  ship,  the  impression  is  given  that  the  evaporation  duct  may  be  measured 
directly.  For  practical  applications,  however,  this  impression  is  false  and  a  direct 
measurement  should  not  bo  attempted.  Due  to  the  turbulent  nature  of  the  tropo¬ 
sphere  at  the  ocean  surface,  a  refi'activiiy  profile  measured  at  one  time  would  most 
likely  not  be  the  same  as  one  measured  at  another  time,  even  when  the  two  measure¬ 
ments  are  seconds  apart.  Therefore,  any  measured  profile  would  not  be  rer’‘’>septn- 
tive  of  the  average  evaporation  ducting  conditions  that  assessment  systems  such  as 
TESS/IREPS  must  consider.  A  discussion  of  measurement  techniques  and  associated 
problems  appears  in  section  10.1. 


33 


6.0  BASIC  PRINCIPLES  OF  RADAR 


Radar  detection  of  a  target  is  based  on  the  transmission  and  reception  of 
electromagnetic  waves.  By  measuring  the  time  required  for  the  wave  to  travel  to  the 
target  and  return  from  a  reflection  (echo),  the  distance  to  the  target  can  be  computed. 
By  focusing  the  transmitted  waves  into  a  directional  beam  Gihe  that  of  a  searchlight) 
and  by  using  the  same  focusing  principle  on  reception,  the  direction  of  the  target  can 
be  determined,  both  in  the  horizontal  plane  and  the  vertical  plane.  By  observing  the 
target’s  change  of  position  with  time,  its  velocity  can  be  computed.  The  radial  com¬ 
ponent  of  the  target’s  velocity  (moving  away  from  or  toward  the  transmitter)  can  also 
be  determined  by  measuring  the  Doppler  (a  shift  in  frequency)  of  the  received  signal 
relative  to  the  transmitter  signal.  A  radar  which  measures  range,  elevation  (vertical) 
an^e,  and  azimuth  (horizontal)  angde  is  called  a  3D  or  “hei^t-frnder”  radar.  A 
radar  which  measures  range  and  only  one  angle  (usually  azimuth)  is  called  a  2D 
radar. 


A  block  diagram  for  a  simple  radar  system  is  illustrated  in  figure  19.  It  con¬ 
sists  of  a  transmitter  which  generates  power;  a  receiver  which  amplifies  the  weak 
echo  signals  picked  up  by  the  antenna  to  a  level  sufficient  to  display  them;  a  duplexer 
which  connects  the  transmitter  to  the  antenna  during  the  transmission  of  the  radi¬ 
ated  pulse  and  connects  the  receiver  to  the  antenna  during  the  time  between  radiated 
pulses;  an  antenna  which  concentrates  the  radiated  power  into  a  shaped  beam  which 
points  in  the  desired  direction  and  collects  the  echo  signal  for  delivery  to  the  receiver; 
a  signal  processor  which  evaluates  the  signal  from  the  receiver;  and  a  visual  display 
unit  which  presents  the  information  contained  in  the  echo  signal  to  an  operator  for 
interpretation  and  action. 


Antenna 


Figure  19.  Block  diagram  for  a  monostatic  (transmitting  and  receiving  antenna  at  the 
same  location)  pulse  radar  system. 
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Since  the  TESS/IREPS  operator  mi^t  provide  information  specific  to  the 
radar  whose  performance  is  being  assessed,  it  is  appropriate  to  discuss  the  important 
parameters  of  the  mcyor  components. 

6.1  TRANSMITTERS 

Over  the  years,  many  different  types  of  transmitters  have  been  developed  to 
perform  special  demands  of  tlie  radar  such  as  moving  target  indication  (MTI),  pulse 
Doppler,  continuous  waveforms  (CW),  phased-array  radar,  electromagnetic  compati- 
bilily  (EMC),  and  electronic  counter-countermeasures  (E(3C!M).  The  basic  demand  of 
the  transmitter,  however,  is  to  generate  power  in  the  form  of  shaped  waves.  A  num¬ 
ber  of  terms  associated  with  the  transmitter  are  of  concern  to  the  TESS/IREPS 
operator.  These  are  as  follows: 

a.  Frequency  of  the  produced  electromagnetic  wave  in  megahertz. 

b.  Peak  power  in  kilowatts.  In  electromagnetic  systems,  there  are  several 
definitions  of  power  which  may  be  considered.  These  are  (1)  the  power  output  of  the 
transmitter  (peak  power),  (2)  the  power  delivered  by  the  transmitter  to  the  antenna 
terminals,  and  (3)  the  power  actually  radiated  (effective  radiated  power).  The  first 
and  second  differ  by  the  amount  of  any  power  lost  in  the  transmission  line  connecting 
the  transmitter  to  the  antenna.  The  second  and  third  differ  by  the  amount  of  power 
lost  in  the  elements  of  the  antenna  itself.  While  the  third  definition  is  the  most 
desirable,  in  addition  to  considering  transmission  and  dispersive  losses,  the  antenna 
gain  must  also  be  considered. 

c.  Pulse  length  in  microseconds.  In  nature,  energy  is  typically  transmitted  in 
the  form  of  a  simple  sinewave.  A  radar  transmitter  will  generate,  in  short  bursts  or 
pulses,  this  sinewave  and  then  vary  (or  modulate)  its  frequency  or  phase,  thereby 
shaping  the  waveform.  A  shaped  wavreform  will  increase  the  information  which  may 
be  obtained  from  the  returned  echo.  The  pulse  length  is  the  length  of  time  between 
the  start  and  end  of  the  pulse.  Long  pulse  lengths  have  the  advantage  that  large 
amounts  of  energy  can  be  applied  to  a  target  in  order  to  enhance  its  detectability. 
Long  pulse  lengths  will  lead  to  the  longest  range  of  detection  and  are,  therefore,  used 
in  long-range  search  radars.  Long  pulses  have  the  disadvantage  that  Hne  details 
within  the  return  echo  will  be  lost,  thereby  reducing  target  resolution.  For  example, 
a  long  pulse  width  may  be  used  to  detect  the  presence  of  a  harbor  within  a  coast  line 
but  will  be  unable  to  detect  a  pier  within  the  harbor. 

d.  Pulse  repetition  frequency  (pulse  rate)  in  pulses  per  second,  or  in  other 
words,  how  many  pulses  the  transmitter  generates  each  second. 
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e.  UnEunbiguous  range.  After  the  transmitter  sends  out  a  pulse,  it  turns  off 
and  allows  the  receiver  to  “listen”  for  an  echo.  It  may  happen  that  a  pulse  will  travel 
to  a  target  and  back,  only  to  arrive  while  the  tremsmitter  is  in  the  process  of  send¬ 
ing  out  another  pulse.  In  this  case,  the  pulse  is  not  received  and  the  target  is  not 
detected.  It  may  also  happen  that  the  pulse  will  return  at  some  time  after  the  trans¬ 
mitter  has  sent  out  a  second  pulse.  In  this  case,  the  target  will  appear  closer  to  the 
transmitter  th^  it  really  is.  Echo  signals  received  after  an  interval  exceeding  the 
pulse  repetition  period  are  call  “multiple-time-around”  echoes.  Multiple-time-around 
echoes  are  often  referred  to  as  “radar  ghosts.”  The  range  that  a  pulse  can  travel  to 
and  back  in  the  time  interval  between  pulses  is  known  as  the  “maximum  unambigu¬ 
ous  range”  or  the  “maximum  instrumented  range.”  The  time  between  pulses  is  com¬ 
monly  “jittered”  or  constantly  varied  so  that  multiple-time-around  echoes  will  bounce 
eu'ound  in  range  on  the  display.  This  variation  in  range  alerts  the  operator  to  the 
true  nature  of  the  target. 


Often  the  maximum  unambiguous  range  will  not  be  available  in  publications. 
It  may  be  estimated  (in  kilometers)  with  the  following; 


where  c  =  speed  of  light  (meters  per  second) 

prf  -  pulse  repetition  frequency  (pulses  per  second) 


(14) 


f.  Height-finder  radars  employ  antennas  which  steer  the  transmitted  energy 
upward  in  angle.  While  the  power  necessary  tc  detect  a  target  200  miles  away  in  the 
horizontal  is  desired,  the  same  power  directed  upward  at  30  degrees  would  detect  a 
target  at  approximately  530,000  feet.  Since  targets  are  not  expected  at  this  height, 
the  power  of  the  transmitter  is  reduced  as  the  elevation  angle  increases.  In  addition, 
there  is  a  reduction  in  how  long  the  receiver  waits  for  a  return  echo.  This  has  the 
advantage  of  reducing  the  strain  on  the  transmitter  and  allows  for  better  utilization 
of  the  radar’s  time. 


5.2  RECEIVERS 

The  function  of  the  receiver  is  to  detect  electromagnetic  radiation  within  a 
certain  frequency  band.  As  in  the  human  ear  example  of  section  2.1,  the  receiver  is 
designed  to  recognize  a  signal  which  exceeds  a  certain  minimum  power  level.  This 
minimum  power  level  is  the  receiver’s  sensitivity.  Any  signal  which  exceeds  the 
sensitivity  will  he  registered.  Not  all  signals  with  power  exceeding  the  sensitivity  are 
desirable,  however.  Nondesirable  signals  are  referred  to  as  noise.  Noise  is  unwanted 
energy  which  interferes  with  the  ability  of  the  receiver  to  detect  wanted  signals.  It 
may  come  from  within  the  receiver  itself  (called  receiver  noise),  from  the  environment 
(called  environmental  noise),  or  from  a  transmitter  such  as  a  radar  jammer. 
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Receiver  noise  is  generated  from  thermal  radiation  and  mechanical  motions 
within  the  receiver.  A  quantitative  measure  of  the  noise  is  the  “receiver  noise 
figure.”  Environmental  noise  is  composed  of  cosmic  radiation  from  our  own  galaxy, 
our  sun,  and  other  “radio  stars”;  blackbody  radiation  from  atmospheric  absorbers; 
lightning  strokes;  and  energy  radiated  by  manmade  objects  such  as  car  ignitions, 
power  tools,  fluorescent  lights,  etc. 

No  matter  where  or  how  the  noise  is  generated,  the  total  noise  power  at  the 
input  of  the  receiver  must  be  less  than  the  power  of  the  desired  signal,  or  in  other 
words,  the  signal-to-noise  ratio  must  exceed  a  certain  value,  commonly  called  a  detec¬ 
tion  threshold.  Since  noise  is  a  random  process  (except  for  jamming),  the  signal-to- 
noise  ratio  must  be  described  in  statistical  terms,  that  is,  probabilities.  The  probabi¬ 
lity  of  detection,  therefore,  depends  upon  the  probability  of  the  desired  signal  power 
exceeding  the  detection  threshold. 

Receivers  are  designed  with  a  high  enough  detection  threshold  that  most 
receiver  or  environmental  noise  will  not  exceed  it.  On  occasion,  however,  a  particu¬ 
lar  noise  will  have  sufficient  power  to  exceed  the  threshold,  resulting  in  a  “false 
alarm.”  A  tolerable  rate  at  which  false  alarms  occur  depends  upon  the  nature  of  the 
radar  application.  False-alarm  probabilities  for  most  practical  radars  are  quite  small, 
on  the  order  of  10~^  or  smaller.  The  TESS/IREPS  operator  must  specify  a  false- 
alarm  rate  which  is  appropriate  to  the  radar  being  used. 

Manj)  receivers  also  perform  sophisticated  signal  processing  to  aid  the 
operator  in  identifying  a  true  target  or  gaining  additional  information  about  the 
target.  In  the  presence  of  jamming  for  example,  a  receiver  may  employ  frequency 
band-filters  which  will  block  out  radiation  of  a  particular  frequency.  There  are 
techniques  to  integrate  the  power  of  a  signal  over  time,  thereby  improving  the 
signal-to-noise  ratio. 

Another  processing  technique  is  called  “pulse  compression.”  By  modulating  a 
wave’s  frequency  or  phase,  the  echo  may  be  compressed  in  time  by  the  receiver. 

Pulse  compression  achieves  the  benefit  of  high  target  resolution  that  comes  from 
using  a  short  pulse  length  yet  uses  the  energy  of  a  long  pulse,  gaining  longer  range 
detectability.  In  addition,  pulse  compression  also  reduces  the  influence  of  clutter. 

5.3  ANTENNAS 

The  purpose  of  the  radar  antenna  is  to  transfer  power  from  the  transmitter  to 
the  environment  and  from  the  environment  to  the  receiver.  During  the  time  the 
transmitter  is  active,  the  antenna  shapes  the  energy  into  beams  and  directs  it  toward 
a  desired  direction  in  space.  When  the  transmitter  turns  off,  the  antenna  collects 
returning  energy  and  directs  it  to  the  receiver.  , 
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The  most  commonly  used  antenna  type  employs  some  sort  of  reflective  surface 
which  rotates  horizontally  and/or  nods  up  and  down.  These  antennas  are  referred  to 
as  parabolic-reflector  antennas.  The  beam  is  formed  by  directing  the  energy  from  a 
"horn”  or  "feed”  against  a  parabolic  shaped  reflecting  surface,  much  like  that  of  an 
automobile  headlight.  Newer  antenna  designs  employ  a  series  of  fixed  radiating  sur¬ 
faces.  These  surfaces  are  radiated  electronically  at  different  times,  thereby  forming 
the  beam  and  changing  its  direction.  This  type  of  antenna  is  called  a  "phased-array” 
antenna. 

The  distribution  of  energy  into  space  relative  to  the  antenna’s  axis  of  sym¬ 
metry  is  called  the  "antenna  pattern,”  its  "power  pattern,”  or  its  “radiation  intensity 
pattern.”  While  the  distribution  of  energy  is  three  dimensional,  it  is  most  commonly 
displayed  as  a  series  of  two-dimensional  planar  patterns.  Figures  20  and  21  illustrate 
the  antenna  patterns  known  as  sin(x)/x  and  cosecant-squared  respectively.  The  meg  or 
concentration  of  energy  is  along  the  axis  of  symmetry  and  is  known  as  the  main  beam 
or  “lobe.”  The  beamwidth,  both  horizontally  and  vertically,  is  most  commonly 
expressed  in  degrees.  Normeilly  the  beeunwidth  is  the  width  between  half-power 
points.  The  additional  lobe  structure  of  the  antenna  pattern  outside  the  region  of  the 
main  beam  is  called  “sidelobes.”  Sidelobes  cause  problems  in  target  detection  because 
they  allow  energy  from  outside  the  desired  direction  to  enter  the  system.  This  leads 
to  false  targets  or  increased  susceptibility  to  radar  jamming. 

A  TESS/IREPS  input  is  antenna  type,  or  more  correctly,  antenna  pattern. 

The  choices  are  omni  (an  antenna  uniformly  radiating  in  all  directions),  sin(x)/x, 
cosecant-squared,  or  height-fmder.  While  height-finder  is  not  a  radiation  pattern  as 
such,  the  software  will  construct  an  antenna  pattern  appropriate  to  the  specific 
height-finder  radar  being  assessed.  In  addition  to  the  antenna  pattern,  the  operator 
must  also  provide  the  vertical  tmd  horizontal  beEimwidths  of  the  antenna  and  the 
vertical  angle  of  the  antenna’s  axis  of  symmetry,  that  is,  the  antenna’s  elevation 
angle. 


7r(a/i)  sin  ^ 


Figure  20.  Sin(x)/x  antenna  radiation  pattern  (a  = 
width  of  aperture  in  the  z  direction). 
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Figure  21 .  Cosecant-squared  antenna 
radiation  pattern  (Oq  =  vertical  beam- 
width,  em  =  elevation  angle). 


The  ability  of  an  antenna  to  concentrate  energy  into  a  particular  pattern  or  be 
more  sensitive  to  energy  arriving  from  a  specific  direction  is  called  antenna  “gain.” 
The  gain  of  the  antenna  is  a  function  of  the  antenna’s  aperture  (the  physical  area  of 
the  antenna  face),  any  losses  of  energy  from  processes  such  as  resistance  and  radia- 
tional  heating,  and  the  wavelength.  As  the  aperture  of  the  antenna  increases,  the 
wavelength  of  energy  decreases  and  the  antenna  gain  increases.  Greater  antenna 
gains,  of  course,  mean  better  target  detection.  While  most  radars  are  fixed  in  size 
and,  therefore,  have  corresponding  fixed  gains,  it  is  possible  to  use  the  relative 
motion  between  the  radar  and  the  target  to  electronically  increase  the  aperture  of  the 
radar,  thereby  improving  the  gain  and  resolution.  These  radars  are  called  “synthetic 
aperture”  radars  (the  motion  of  the  radar  is  used  to  increase  the  gain  or  spatial 
resolution)  or  “inverse  synthetic  aperture”  radars  (the  motion  of  the  target  is  used  to 
increase  the  spatial  resolution). 

As  discussed  in  section  5.2,  in  order  to  detect  a  target,  an  acceptable  signal- 
to-noise  ratio  must  be  obtained.  One  way  to  accomplish  this  is  by  applying  more 
energy  on  the  target.  Applying  more  energy  on  the  target  may  be  accomplished  by 
increasing  the  number  of  times  the  antenna  points  the  beam  in  the  target’s  direction. 
Simple  rotating  antennas  will  illuminate  the  target  only  once  for  each  revolution  of 
the  antenna.  Nonrotating  antennas,  such  as  those  associated  with  fire-control  sys¬ 
tems,  may  continually  illuminate  the  target.  Sophisticated  phased-array  antennas 
are  able  to  point  a  beam  toward  a  target  in  addition  to  scanning  a  beam  in  some 
other  predetermined  search  pattern.  The  TESS/IREPS  operator  must  specify  the 
number  of  antenna  revolutions  per  minute  for  circular  scanning  antennas  or  must 
specify  the  number  of  energy  pulses  which  will  strike  the  target  as  the  radar  beam 
scans  over  the  target  (called  hits-per-scan). 
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In  order  to  take  advantage  of  surface  reflections  or  to  help  the  radar  “see” 
through  weather  disturbances,  the  direction  of  the  electric  field  of  the  antenna  may 
be  changed.  This  is  called  antenna  “polarization.”  Most  radar  antennas  are  linearly 
polarized  or,  in  other  words,  the  direction  of  the  electric  field  is  either  horizontal  or 
vertical  with  respect  to  the  earth’s  surface.  Polarization  may  also  be  elliptical  or 
circular.  Elliptical  polarization  is  the  combination  of  two  linearly  polarized  waves  of 
the  same  frequency,  traveling  in  the  same  direction,  which  are  perpendicular  to  each 
other.  The  relative  amplitude  and  phase  relationships  between  the  two  may  be  of  any 
value.  If  the  two  wave  amplitudes  are  equal  and  they  are  90  degrees  out  of  pheise,  the 
polarization  is  circular.  The  operator  must  specify  the  polarization  of  the  antenna, 
either  horizontal,  vertical,  or  circular. 

The  operator  must  specify  a  height  for  the  antenna.  The  model  which  cal¬ 
culates  the  coverage  display  for  surface-based  systems  is  valid  only  for  antenna 
heights  between  1  and  100  meters,  and  the  program  will  not  accept  heights  outside 
these  bounds.  This  should  not  be  a  restriction  on  any  normal  application  of  ship- 
based  systems,  including  submarines  operating  at  periscope  depth.  The  antenna 
heights  for  airborne  systems  are  limited  to  the  maximum  height  of  the  coverage 
display  that  has  been  requested. 

6.4  VISUAL  DISPLAY  UNITS 

The  purpose  of  the  display  is  to  visually  present  the  information  contained 
within  a  return  echo  to  an  operator  for  interpretation  and  action.  If  the  display  is 
connected  directly  to  the  receiver,  the  display  is  called  “raw”  video.  If  the  display  is 
connected  to  some  sort  of  signal  processor,  the  display  is  called  “synthetic  video.” 

The  most  commonly  used  display  device  is  the  cathode-ray  tube  (CRT).  Raw  video  is 
seen  on  the  CRT  as  an  intensity-modulated  spot  or  “blip.”  Sophisticated  synthetic 
video  may  show  specialized  symbols  or  even  text  to  aid  the  operator. 

The  ability  of  the  operator  to  detect  targets  from  a  CRT  display  depends  upon 
many  factors  such  as  display  brightness,  scan  rate  of  the  antenna,  blip  size,  viewing 
distance,  operator  fatigue,  etc.  The  probability  of  detection  input  required  by  TESS/ 
IREPS  is  used  to  determine  the  signal-to-noise  ratio  and  other  factors  as  discussed  in 
section  5.2.  It  does  not  contain  allowances  for  display  factors.  That  is,  the  probabil¬ 
ity  of  detection  would  apply  to  automatic  systems.  It  is  incumbent  upon  the  opera¬ 
tor  to  explain  this  to  a  product  user. 
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6.0  RADAR  TARGETS 


In  addition  to  the  electronic  characteristics  of  the  radar  system  and  the 
refractive  effects  of  the  troposphere  upon  the  propagating  electromagnetic  wave,  the 
detectability  of  an  object  depends  upon  the  nature  of  the  object  itself.  While  there 
are  hundreds  of  ways  to  classify  a  target,  the  TESS/IREPS  operator  is  required  to 
describe  the  radar  target  by  it  radar  cross  section  and  its  Swerling  case. 

6.1  RADAR  CROSS  SECTION 

A  target’s  radar  cross  section  is  a  term  used  to  describe  the  signal  scattering 
efficiency  of  the  target. 

A  target’s  radar  cross  section  is  a  function  of  its  shape,  the  materials  it  is 
made  of,  the  angle  the  target  is  viewed  (which  implies  a  range  dependency),  the  radar 
frequency,  and  the  polarization  of  the  transmitting  and  receiving  antennas.  While  it 
is  commonly  held  that  the  radar  cross  section  is  independent  of  range,  this  is  only 
true  when  the  range  is  sufficiently  great,  or  the  target  is  sufficiently  small  (such  as  a 
missile  nose  cone),  so  as  to  cause  the  incident  wave  to  be  in  the  same  plane  as  the 
receiver.  This  is  often  referred  to  as  the  “far^field”  assumption  or  the  target  a  “point- 
source”  target.  For  short  ranges,  or  for  a  very  large  target  (such  as  a  ship),  the  view¬ 
ing  angle  becomes  important.  The  targot  in  this  case  is  known  as  a  “distributed 
target." 


The  units  of  radar  cross  section  are  units  of  area.  In  early  work,  the  common 
unit  was  the  square  foot  but  presently  the  accepted  unit  is  the  square  meter.  By 
referencing  the  radar  cross  section  to  a  selected  “standard"  cross  section,  it  also  may 
be  expressed  in  decibels  relative  to  this  “standard."  Most  commonly,  the  “standard" 
is  a  1-square-meter  target.  Thus,  a  target’s  radar  cross  section  may  be  expressed  in 
decibels  relative  to  1  square  meter. 

The  most  direct  way  to  determine  the  radar  cross  section  is  to  illuminate  the 
target,  or  a  scale  model  of  it,  with  a  radar  and  measure  the  return  signal.  Other 
ways  are  by  direct  solution  of  Maxwell’s  equations  for  the  boundary  conditions 
appropriate  to  the  object  (usually  impossible  for  all  but  the  simplest  shapes)  or  by 
some  approximation  technique  based  upon  electromagnetic  theory. 

For  the  purposes  of  TESS/IREPS,  an  air  target  is  considered  a  “point-source” 
target  and  the  operator  must  specify  the  radar  cross  section  directly.  NOSC  Techni¬ 
cal  Document  1195,  Selected  Electromagnetic  Systems  Parameters  for  Use  in  the 
Tactical  Environmental  Support  System,  contains  a  listing  of  measured  radar  cross 
sections  for  various  aircraft  targets.  A  ship  target  is  considered  a  “distributed  target” 
and  the  radar  cross  section  (a)  is  approximated  by 

a  =  52  f  (15) 


41 


where  f  is  the  frequency  in  megahe.  z  euid  D  is  the  ship’s  full  load  displacement  in 
kilotons.  Because  the  target’s  radar  cross  section  is  a  function  of  so  many  variables, 
a  target’s  radar  cross  section  should  never  be  extrapolated,  inferred,  or  “guessed” 
from  the  cross  section  of  another  target. 

The  typical  extimple  of  radar  cross  section  in  relation  to  target  aspect  is  illus¬ 
trated  in  figure  22.  The  three  lines  plotted  on  the  polar  diagram  are  the  20,  50,  and 
80  percentile  values  of  the  cross  section  distribution  function,  inner  to  outermost 
curves  respectively.  The  cross-section  values  are  plotted  in  decibels  above  1  square 
meter,  or  in  other  words,  the  number  of  decibels  above  that  corresponding  to  a 
1-square-meter  target.  The  fluctuations  with  aspect  of  10  dB  or  greater  can  cause  the 
detection  range  to  vary  an  order  of  magnitude  between  the  minimum  emd  maximum 
values  under  the  appropriate  ducting  conditions. 
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Figure  22.  Variations  of  radar  cross  section  with  aspect  for 
grazing  angle  incidence. 


6.2  SWERLINGCASE 

Since  the  instantaneous  radar  cross  section  of  the  target  is  a  function  of 
aspect  angle,  any  target  that  is  in  relative  motion  with  the  transmitter  will  have  a 
fluctuating  radar  cross  section.  This  fluctuation  must  be  considered  when  computing 
the  signal-to-noise  ratio  (and  ultimately  probability  of  detection)  as  discussed  in 
section  5.2. 

In  1960,  Swerling  proposed  tour  models  for  these  fluctuations  in  radar  cross 
section.  These  models  assume  a  time  dependency  or  differing  rates  of  fluctuation:  a 
slow  rate  in  which  the  fluctuation  will  be  independent  of  the  scan  rate  of  the  antenna 
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but  will  be  the  same  between  pulses  within  one  beamwidth;  and  a  fast  rate  in  which 
the  fluctuations  will  be  independent  from  pulse  to  pulse.  A  second  dependency  of  the 
model  is  the  probability  of  finding  any  particular  value  of  target  radar  cross  section 
between  two  specified  values.  This  probability  is  also  referred  to  as  the  "probability- 
density”  function. 

These  models  are  referred  to  as  cases  1  through  4.  Cases  1  and  2  employ  one 
method  of  determining  the  probability-density  function  for  a  slow  and  fast  fluctuating 
target  respectively.  Cases  1  and  2  may  be  applied  to  a  complex  target  consisting  of 
many  independent  scattering  surfaces,  all  of  which  are  approximately  the  same  size. 
Cases  3  and  4  employ  an  alternate  method  of  determining  the  probability-density 
function  for  a  slow  and  fast  fluctuating  target  respectively.  Cases  3  and  4  may  be 
applied  to  targets  which  consist  of  one  large  reflecting  surface  together  with  other 
small  reflectors. 

It  is  extremely  difficult  to  determine  which  case  to  apply  for  any  particular 
target.  Within  TESS/IREPS,  the  four  target  cases  are  combined  into  two,  either  a 
fluctuating  target  or  a  nonfluctuating  target.  Unless  the  target  characteristics  are 
known  exactly,  it  is  recommended  that  the  fluctuating  target  case  be  used.  For 
example,  an  aircraft  target  would  normally  be  a  fluctuating  target.  This  selection 
will  provide  the  most  conservative  value  and  will  not  produce  an  unreasonably  high 
signal-to-noise  ratio. 
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7.0  NONRADAR  ELECTROMAGNETIC  SYSTEMS 


There  is  a  large  array  of  electromagnetic  systems  with  varied  uses  but  which 
may  be  grouped  together  for  the  purposes  of  performance  assessment.  These  "com¬ 
munications”  systems  range  from  simple  radiosonde  or  sonobuoy  transmitters,  to 
systems  such  as  information  friend  or  foe  (IFF)  or  radio  communications  or  ESM 
receivers,  to  extremely  sophisticated  systems  such  as  electronic  countermeasures 
(ECM)  jammers  which  receive  a  signal,  alter  it  to  achieve  a  designed  effect,  and 
retransmit  it.  Most  of  these  systems  employ  an  omnidirectional  antenna.  However 
some,  such  as  the  multichannel  Jezebel  relay  (MCJR),  have  a  directionality 
capability. 

No  matter  the  design  of  the  system,  the  basic  concepts  of  transmitters, 
receivers,  and  antennsis,  such  as  transmitter  power  eind  frequency,  receiver  sensi¬ 
tivity,  and  antenna  polarization  (as  discussed  in  sections  5.1  through  5.3),  also  apply 
to  these  systems.  Any  two-way  transmission  path  consideration  such  as  an  unambig¬ 
uous  range,  does  not  apply  however. 

The  environmental  effects  upon  propagation  of  waves  transmitted  from  or 
received  by  these  systems  are  the  same  as  for  radars.  Some  transmitters,  such,  as  a 
sonobuoy,  have  additional  considerations  which  do  not  apply  to  radars  and  which  are 
not  accounted  for  in  the  TESS/IREPS  assessment.  For  example,  a  sonobuoy  antenna 
is  subject  to  ocean  wave  overwash  or  motions  which  rapidly  and  randomly  alter  the 
antenna’s  orientation  (and  hence,  its  actual  antenna  pattern).  While  TESS/IREPS 
assumes  a  relatively  smooth  earth  surface  (no  land  terrain)  for  radars,  this  assump¬ 
tion  is  invalid  for  a  sonobuoy  whose  antenna  may  be  well  below  the  crest  of  an  ocean 
wave,  thus  providing  a  physical  barrier  to  the  electromagnetic  wave.  For  these 
reasons,  the  user  must  understand  the  assessment  of  a  sonobuoy  ^sterns  is  an 
optimistic  assessment.  In  actuality,  signal  fading  problems  may  often  occur. 
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8.0  FORWARD  LOOKING  INFRARED  SYSTEMS  (FLIR) 


Images,  as  seen  by  the  human  eye,  are  produced  primarily  by  reflection  of 
energy  from  objects.  It  is  the  intent  of  the  thermal  imaging  system  to  make  visible  to 
the  human  eye,  by  presentation  on  a  television-type  monitor,  the  naturally  emitted 
(self-generated)  energy  of  objects.  This  energy  occurs  within  the  infrared  portion  of 
the  electromagnetic  spectrum  (flgure  2).  Early  airborne  thermal  imaging  systems 
were  pointed  down  to  view  the  sea  or  land  surface.  When  th^  were  flrst  used  to 
view  objects  in  the  near  horizontal  plane,  the  term  FLIR  or  Forward  Looking 
Infra-Red  was  introduced. 

Rather  than  thinking  of  energy  in  radiometric  terms  (frequencies  and  wave¬ 
lengths),  the  relationships  discussed  in  section  2.3  may  be  used  to  express  the  inten¬ 
sity  of  emitted  energy  in  terms  of  temperature.  Therefore,  within  a  particular  scene 
(or  field  of  view),  all  of  the  sensible  (felt  by  the  human  body)  heat,  the  reflections,  and 
emissions  by  bodies  within  the  scene  can  be  combined  so  that  each  point  within  the 
scene  may  be  represented  by  an  “effective”  temperature.  The  variations  in  effective 
temperature  throughout  the  scene  tend  to  correspond  to  the  details  in  the  visual 
scene,  that  is,  the  radiations  of  a  human  body  would  take  a  form  recognizable  by  the 
eye  ai  a  human  body.  It  is  not  the  intent  of  the  FLIR  assessment  product  of  TESS/ 
IREPS  to  indicate  a  range  at  which  an  object  is  recognizable  however.  Rather,  this 
product  is  used  to  assess  the  range  of  first  detection. 

Generally,  the  detection  of  objects  such  as  a  ship  or  an  aircraft,  depends  upon 
the  ability  to  dis  ingtiish  between  the  temperature  of  the  object  and  the  temperature 
of  its  background,  that  is,  the  ocean  and  the  air.  This  is  often  referred  to  as  the 
minimum  detectable  temperature  difference  (MDTD).  Calculation  of  a  detection 
range  requires  the  Imowledge  of  the  object’s  MDTD  as  a  function  of  range  to  the 
object.  For  ship  targets,  the  apparent  contrast  is  greatly  dependent  upon  the  ship’s 
design  and  construction;  operating  conditions  such  as  the  internal  heat  transfer 
associated  with  power  plants,  stacks,  and  air-conditioning  ^tems;  and  weather 
conditions  such  as  direct  and  reflected  radiant  exchanges  with  the  sun,  sea,  sl^, 
clouds  and  thermal  convection  between  the  sea  and  the  air. 

Since  every  object  (even  within  the  same  class  of  objects)  has  its  own  unique 
MDTD,  in  order  to  obtain  a  true  MDTD,  it  should  be  measured.  If  it  is  measured, 
the  target  is  already  detected  and  a  need  for  an  assessment  model  would  be  moot.  In 
practice,  ther  efore,  it  is  appropriate  to  define  a  fixed  MDTD.  For  this  reason,  each 
target  within  the  TESS/IREPS  model  has  been  assigned  an  experimentally  deter- 
nrined  MDTD.  The  MDTD  is  designed  for  a  target  that  is  well  inside  the  horizon  and 
has  an  essentially  blackbody  sea  background.  In  other  words,  the  FLIR  model  does 
not  account  for  changes  in  viewing  angle  resulting  in  a  new  target  backgr  ound. 
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For  use  within  TESS/IREPS,  the  MDTD  is  defined  as 


MDTD  (y )  =  aj  +  y  (  (  1  +  (  2  y^  (1  +  (16) 

where  the  coefficients  ,  82  ,  ej- » ®y  characteristics  of  a  particular  FLIR, 
and  the  parameter  7  is  a  characteristic  of  the  target.  These  coefficients  have  no 
physical  meaning  and,  as  stated  above,  must  be  determined  by  experimentation. 
NOSC  and  others  have  determined  coefficients  for  several  specific  FLIR  systems 
which  are  available  with  NOSC  Technical  Document  1195.  Use  of  the  TESS/IREPS 
FLIR  fiinction  is  not  recommended  for  systems  other  than  those  specified  within  TD 
1195  until  such  time  as  additional  polynominal  coefficients  can  be  determined. 

Since  atmospheric  absoiption  (section  2.4)  and  scattering  (section  2.5)  are  also 
a  megor  consideration  for  FLIR  performance  assessment,  it  is  important  to  know  the 
vertical  distributions  of  moisture  and  aerosols.  For  this  reason,  a  FLIR  assessment 
may  only  be  made  when  the  environment  is  measured  with  a  radiosonde.  In  addition, 
a  determination  of  horizontal  visibility  is  required. 

Figure  23  illustrates  a  sample  FLIR  range  display.  For  calculation  purposes, 
the  targets  are  modeled  as  a  rectangular  block  of  fixed  dimensions.  Some  versions  of 
TESS/IREPS  will  display  detection  ranges  for  only  three  target  sizes:  large  (such  as  a 
cruiser);  mediiun  (such  as  a  destroyer);  and  small  (such  as  a  frigate).  Other  versions 
will  display  detection  ranges  for  six  target  sizes,  i.e.,  cruiser,  destroyer,  frigate,  sur¬ 
face  submarine,  snorkeling  submarine,  and  a  submarine  periscope.  For  submarine 
targets,  an  estimated  wake  length  is  included  in  the  dimension  of  the  target. 

In  addition  to  two  classes  of  target  sizes,  several  different  altitude  ranges  exist 
between  TESS/IREPS  versions.  An  attempt  at  combining  the  two  altitude  ranges 
into  one  has  been  made.  Since  the  FLIR  model  is  empirically  formulated  for  a 
specific  FLIR  system,  this  attempt  has  resulted  in  an  interpolation  artificiality  at  a 
height  of  5000  feet.  This  may  be  evident  as  an  increase  of  range  at  an  altitude  just 
below  5000  feet,  to  a  rapid  decrease  of  range  at  an  altitude  just  above  5000  feet. 
Within  figure  23,  this  artificiality  is  highlighted  by  a  darkened  arrow  (the  arrow  will 
not  be  present  in  the  actual  FLIR  product).  The  operator  must  recognize  this  range 
variation  is  not  a  true  representation  of  the  actual  FLIR  detection  range  at  an 
altitude  of  5000  feet. 
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Figure  23.  FLIR  performance  range  display. 
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9.0  FREE-SPACE  RANGES 


9.1  RADAR  SYSTEMS 

For  assessment  of  a  radar’s  performance,  the  most  important  factor  to 
consider  is  the  radar’s  free-space  detection  range  or,  in  other  words,  the  range  at 
which  a  specific  target  may  be  detected  in  an  isotropic,  homogeneous,  lossless 
environment.  This  range  serves  as  an  optimum  range  (or  figure  of  merit)  for  a 
particular  radar/target  combination  and  allows  for  a  comparison  with  nonstandard 
refiractive  conditions. 


The  free-space  range  may  be  determined  in  several  ways,  the  first  being  by 
calculation  (A.E.  Barrios,  NOSC,  personal  communication,  1985).  The  free-space 
range  in  kilometers  is  given  by 
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=  antenna  gain  (dB) 

=  receiver  noise  figure  (dB) 

=  minimum  signal-to-noise  ratio  (db) 

=  system  loss  (db) 

=  maximum  radiated  power  (kilowatts) 

=:  target’s  radar  cross  section  (square  meters) 
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=  transmitter  frequen<y  (megahertz) 


The  signal-to-noise  ratio  [Blake,  1980]  is  given  as: 
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t 

Pfa 


=  1.231- 


(l-t2) 


=  .9  (2  Pj  -  1) 


=  number  of  pulses 
—  probability  of  false  alarms 
=  probability  of  detection 


For  height-finder  radars,  the  number  of  pulses  is  the  same  as  the  number  of 
hits  per  scan.  For  nonheight-finder  radars,  the  number  of  pulses  may  be  given  as 


N, 


Ch  Pr 
6h« 


where 


Sh 

Pr 


=  horizontal  beamwidth 
—  pulse  rate 
=  horizontal  scan  rate 


The  signal-to-noise  ratio  given  by  equation  18  is  valid  for  a  steady  target.  In 
the  case  of  a  fluctuating  target,  the  fluctuation  loss,  a  ratio  between  the  signal-to- 
noise  levels  of  a  fluctuating  and  nonfluctuating  target,  must  be  added  to  equation  18. 
This  fluctuation  loss  is  given  as 

Lf  =  I  (-In  Pd  (1  +  -^)  1  . 

The  free-space  range  (equation  17)  uses  the  ^tern’s  peak  power  expressed  in 
kilowatts.  As  discussed  in  section  5.1,  there  are  several  definitions  of  power  when 
considering  electromagnetic  cystems.  Often  in  publications,  the  system’s  power  given 
will  be  the  effective  radiated  power  expressed  in  dBW  (decibel  relative  to  a  watt).  It 
will  be  necessary,  therefore,  to  convert  the  power  to  the  proper  quantity.  For  conver¬ 
sion  purposes,  the  effective  radiated  power  may  it  be  defined  as 


^eff 

=  lOlog^Q(P^)  -*■  G  -  L^j 

where 

«  peak  power  (watts) 

G 

=  antenna  gain  (dB) 

-  transmission  line  loss  (dB) 

(19) 
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For  the  purpose  of  firee-space  range  calculations,  equation  19  may  be  used  to 
calculate  the  peak  power  required  by  equation  17.  Care  must  be  taken,  however,  to 
insure  reasonable  values  are  used  when  making  this  calculation.  For  most  practical 
radars,  the  transmission  line  loss  will  be  in  the  order  of  1  or  2  dB  (Barton).  An  order 
of  magnitude  error  in  antenna  gain  will  make  an  order  of  magnitude  difference  in  the 
power  obtained  (recall  equation  3).  For  example,  assuming  a  transmission  line  loss  of 
0  dB,  an  antenna  gain  of  30  dB,  and  an  effective  radiated  power  of  100  dBW,  the 
resultant  maximum  radiated  power  will  be  10,000  kilowatts,  an  impracticable  num¬ 
ber.  If  the  antenna  gain  was  40  dB,  however,  the  resultant  radiated  power  would  be 
1,000  kilowatts,  a  more  reasonable  value. 

Recall  from  section  5.2  that  the  signal-to-noisc  ratio  is  probabilistic  in  nature 
because  it  includes  a  false-alarm  rate  and  probability  of  detection.  In  addition,  the 
target’s  radar  cross  section  is  also  probabilistic  in  nature  because  it  includes  the 
Swerling  case  of  the  target.  A  calculated  free-space  range  also  assumes  the  radar  is 
operating  at  design  specifrcations. 

As  can  be  seen,  the  calculation  of  free-space  range  involves  a  number  of  uncer¬ 
tainties,  often  leading  to  an  overly  optimistic  range.  The  most  accurate  method  of 
establishing  the  free-space  range  is  by  observation  of  the  actual  maximum  detection 
range  of  known  targets  at  angles  above  a  few  degrees  from  the  horizontal,  where 
eftiects  of  refraction  are  minimized.  In  the  case  of  surface-based  2D  air-search  radar 
^tems,  the  free-space  detection  range  is  one-half  the  maximum  observed  range  at 
high  altitudes  because  of  the  influences  of  the  interference  region.  For  surface-based 
height-finder  and  all  airborne  radar  systems,  the  free-space  detection  range  is  the 
maximum  observed  range  at  high  altitudes.  Both  TESS  and  IREPS  contain  a  utility 
program  which  will  calculate  the  radar  free-space  detection  range. 

9.2  COMMUNICATIONS  AND  ESM  SYSTEMS 

As  with  radar  systems,  the  best  method  of  determining  a  range  for  UHF 
communications  or  ESM  intercept  is  by  observation.  While  this  method  is  easily 
employed  for  communications  systems,  an  observed  range  for  an  ESM  intercept  is 
very  rare. 

For  occasions  where  making  an  observation  is  impractical,  the  free-space 
range  may  be  calculated.  The  path  loss  in  free  space  is  determined  by  the  geometrical 
spreading  of  the  power  over  the  surface  of  an  expanding  sphere  centered  at  the  trans¬ 
mitter  (section  4.1.1).  The  maximum  sustainable  path-loss  for  an  UHF  communica¬ 
tions  or  ESM  receiver  (path-loss  threshold)  is  simply  the  difference  between  the 
transmitter  power  and  antenna  gain  and  the  sensitivity  of  the  receiver.  The  free- 
space  range  communications  or  ESM  intercept  range,  in  nautical  miles,  is,  therefore 

( (lOlog^Q(P)  -  20logjQ(f)  +  G  -  S  +  2?.2)  /  20) 

Rr„  =  10  (20) 
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where  P 
f 
G 
S 


:=  maximum  radiated  power  (kilowatts) 
=  transmitter  firequeni^  (megahertz) 
ss  transmitter’s  antenna  gain  (dB) 

=  receiver  sensitivity  (dBm) 


For  the  purposes  of  communications  and  ESM  intercept,  the  receiver  gain 
generally  includes  the  gain  of  the  receiving  antenna.  Note  that  the  probabilistic 
nature  of  the  radar  free-space  detection  range  is  not  seen  in  the  communications  or 
ESM  intercept  free-space  range;  this  is  usually  taken  into  account  in  establishing  the 
sensitivity  of  the  receiver. 


The  free-space  range  can  be  extremely  large,  on  the  order  of  many  thousands 
of  kilometers,  which  would  be  the  ESM  receiver’s  capability  in  free  space.  However, 
the  influence  of  the  earth  and  other  factors  such  as  atmospheric  absorption  and 
scattering  limit  the  actual  intercept  range  to  a  value  much  less  than  the  free-space 
range.  It  may  happen,  however,  that  the  calculated  free-space  range  exceeds  the 
limits  of  TESS/IRBPS  inputs.  In  this  case,  the  path-loss  threshold  in  decibels  may  be 
calculated  as 


^’''threshold  =  “  *  “”“'10  <P>  +  G  -  S  (21) 

where  P  =  transmitter  power  (kilowatts) 

G  =  transmitter’s  antenna  gain  (dB) 

S  =  receiver  sensitivity  (dBm)  (decibels  relative  to  a 

milliwatt) 

Often  a  receiver  sensitivity  will  be  published  in  a  multiple  of  volts.  Assuming 
that  receiver  sensitivity  may  be  defined  as  the  minimum  amount  of  power  necessary 
for  reception,  a  conversion  to  the  proper  units  may  be  made  using  the  following 

S  (dBm)  =  201ogjQ  (S  millivolts)  -  lOlogjQ  (R)  -  30  (22) 

where  R  is  the  resistance  in  ohms.  When  the  resistance  is  not  known,  a  value  of  50 
ohms  has  proved  to  be  a  reasonable  assumption  for  a  resistance. 

Because  of  the  long  free-space  ranges  or  large  free-space  path-loss  values,  the 
path-loss  product  of ’TESS  and  IREPS,  as  discussed  in  section  13.0,  is  the  proper 
assessment  product  for  ESM  applications.  The  free-space  path  loss  is  included  in 
figure  11  for  reference  and  illustrates  how  the  path  loss  within  the  troposphere 
oscillates  above  and  below  the  free-space  value  in  the  interference  region. 

Both  ’TESS  and  IREPS  contain  a  utility  program  which  will  calculate  the 
free-space  intercept  range  and/or  the  path-loss  threshold. 
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10.0  ENVIRONMENTAL  ASSESSMENT 


Section  4.2  briefly  describes  the  tropospheric  conditions  which  would  lead  to 
anon'.alous  propagation  of  electromagnetic  waves.  Determination  of  these  conditions 
is  based  upon  standard  meteorological  field  observations,  measurements  from  instru¬ 
ments  such  as  a  microwave  refractometer,  images  from  satellite  sensors,  numerical 
forecast  fields  provided  by  organizations  such  as  the  Fleet  Numerical  Oceanography 
Center  (FNOC),  Monterey,  California,  or  from  the  TESS/IREPS  climatological 
database. 

Historically,  a  number  of  poor  environmental  observation  or  evaluation  tech¬ 
niques  and/or  misconceptions  have  lead  to  the  misapplication  or  unrealistic  use  of 
TESS/IREPS.  ViTiile  it  is  beyond  the  scope  of  this  document  to  fully  describe  the 
above  information  gathering  methods,  it  is  appropriate  to  provide  some  additional 
guidelines  for  environmental  measurement  or  evaluation. 

10.1  SURFACE  OBSERVATIONS 

In  the  absence  of  warm  temperature  advection,  the  marine  surface  layer  is 
typically  slightly  unstable  due  to  the  different  heat  capacities  of  air  and  water.  Or,  in 
other  words,  the  air  temperature  is  slightly  cooler  than  the  sea-surface  temperature. 
This  unstable  condition  is  by  far  the  most  common  situation  over  open  ocean  areas. 
This  unstable  condition  may  be  seen  in  figure  24,  which  illustrates  the  annual 
air/sea-surface  temperature  difference  distribution  from  the  National  Oceanic  and 
Atmospheric  Administration  (NOAA)  ocean  buoy  42002  located  at  lat.  32.3*N,  long. 

75.2  “W. 

V/aile  slightly  unstable  atmospheric  conditions  are  normal  for  ocean  areas, 
stable  conditions  may  occasionally  occur.  Advection  of  warm,  high-humidity  air  over 
cold  ocean  frontal  boundaries  or  up-welling  areas,  or  atmospheric  warm  frontal  activ¬ 
ity,  may  lead  to  stable  conditions  far  removed  from  land.  This  type  of  meteorological 
situation  is  also  conducive  to  fog  formation.  Near  land  masses,  advection  of  warm, 
low-humidity  air  over  the  ocean,  such  as  occurs  in  the  Santa  Ana,  will  also  lead  to 
stable  conditions. 

Unstable  conditions  produce  shallow  evaporation  duct  heights,  generally  less 
than  20  meters.  Stable  conditions  may  produce  a  wide  range  of  evaporation  duct 
heights  up  to  and  in  excess  of  40  meters.  In  the  case  of  Santa  Ana  type  advection, 
the  surface-to-surface  propagation  would  most  likely  be  dominated  by  a  surface-based 
duct  and  the  evaporation  duct  would  have  little  importance.  For  normal  conditions, 
however,  surface-to-surface  propagation  is  dominated  by  the  evaporation  duct.  The 
calculation  of  evaporation  duct  within  TESS/IREPS  is  extremely  sensitive  to  the 
relative  difference  between  air  and  sea-surface  temperatures.  Any  errors  in  air/sea- 
surface  temperature  meeisurements  could  ultimately  produce  unreasonable  propaga¬ 
tion  ranges. 
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Figura  24.  Annual  air/sea-surfaca  temperature  difference 
distribution  from  NOAA  ocean  buoy  42002. 

%■ 

The  elements  of  wind  speed,  air  and  sea-surface  temperature,  and  relative 
humidity  as  measured  by  transiting  ships  have  been,  for  the  most  part,  sufficiently 
accurate  for  general  meteorological  and  ci:.matological  purposes.  Since  the  relative 
difference  between  air  aind  sea-surface  temperatures  is  critical,  the  accuracy  of  meas¬ 
urements  used  for  evaporation  duct  calculations  may  not  be  sufficient.  Measurement 
errors  may  be  made  in  a  number  of  ways.  For  example,  air  temperatures  reported  by 
ships  in  the  tropics  appear  to  be  consistently  high  under  sunny  conditions  due  to  poor 
instrument  exposure.  Sea-surface  temperature  repf  rts  are  commonly  seawater  iiyec- 
tion  temperatures.  While  sea-surface  temperatures  obtained  from  expendable  bathy- 
thermographs  are  potentially  the  most  accurate  measurements  currently  made  by 
U.S.  Navy  ships,  these  instruments  are  often  ejected  into  the  ship’s  wake.  Com¬ 
pounding  the  problem  is  the  fact  that  air  and  sea-surface  temperature  measurements 
are  made  using  two  different  sensors  which  are  most  likely  not  calibrated  together. 

Taken  together,  the  errors  in  measurements  produce  an  air/sea-surmce 
temperature  difference  distribution  such  as  illustrated  in  figure  25.  Figure  25  was 
constructed  from  over  100  j  of  shipboard  meteorological  measurements  from 
within  Marsden  square  82,  a  10”  lat.  by  10”  long,  square  containing  NOAA  buoy 
42002.  By  comparing  figure  24  with  figure  25,  a  bias  toward  stable,  anomalous 
conditions  by  shipboard  measurements  becomes  evident.  Figure  25  also  illustrates 
the  evaporation  duct  height  distribution  calculated  from  the  shipboard  measure¬ 
ments.  Of  particular  note  is  the  large  occurrence  of  evaporation  duct  heights  in 
excess  of  40  meters,  which  in  turn  lead  to  overly  optimistic  propagation  ranges. 
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Figure  25.  Annual  air/sea-surface  temperature  difference  and 
evaporation  duct  height  distributions  from  Marsden  square  82. 


10.2  RADIOSONDE  OBSERVATIONS 


The  most  widely  used  instrument  for  observing  the  structure  of  the  tropos¬ 
phere  is  the  radiosonde.  It  is  used  in  conjunction  with  a  hand-held  pyschrometer  that 
measures  surface  air  and  wet-bulb  temperature.  The  wet-bulb  temperature  is  deHned 
as  the  lowest  temperature  that  air  may  be  cooled  to  by  evaporating  water  into  it. 
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In  using  radiosondes  to  measure  the  vertical  profiles  of  temperature  and  humi¬ 
dity,  the  absolute  accura<y  of  the  data  is  not  as  important  for  refractivity  assessment 
as  accurate  measurement  of  the  gradients.  Sensor  lag  tends  to  reduce  the  gradients 
and  increase  the  altitude  at  which  gradient  changes  occur.  The  lag  errors  are  not  too 
serious  at  normal  radiosonde  ascension  rates  but  can  be  very  significant  at  launch. 
Often  the  radiosonde  is  prepared  in  a  heated  or  air-conditioned  space  and  is  released 
without  allowing  for  the  proper  acclimatization  of  the  sensors.  In  other  cases,  the 
radiosonde  may  be  exposed  to  direct  sunlifi^t  and  radiating  surfaces,  such  as  being 
left  sitting  on  the  ship’s  deck,  for  several  minutes  prior  to  launch. 

Another  factor  which  often  contributes  to  spurious  gradients  is  using  psychro- 
metric  measurements  for  the  surface  level  of  the  sounding.  The  p^chrometer  meas¬ 
urements  are  more  accurate  than  the  radiosonde’s.  In  addition,  the  psychrometer  is 
not  usually  co-located  with  the  radiosonde.  That  is,  the  p^chrometer  is  carried  to 
the  best  position  for  measurements  while  the  radiosonde  is  likely  to  be  in  a  fixed 
position  subject  to  the  heat-island  effects  of  the  ship. 

It  has  been  shown  by  R.A.  Paulus,  NOSC  (personal  communication,  1987)  that 
within  the  error  range  of  the  radiosonde’s  sensors,  an  error  of  db  9.1  N-units  at  each 
reporting  level  may  occur  witliin  conditions  typical  for  the  northern  Indian  Ocean. 
P^chrometric  error  may  lead  to  ±  1.3  N-units  per  observation  within  the  same 
environment.  Compounding  this  sensor  error  with  poor  acclimatization  or  measure¬ 
ment  techniques  could  lead  to  extremely  abnormal  low-level  refractive  gradients  in 
radiosonde  data  over  the  open  ocean  and,  ultimately,  to  dramatic  inaccuracies  in  the 
quality  of  TESS/IREPS  assessment  products.  For  example,  table  3  is  a  listing  of 
daytime  radiosonde  data  collected  by  a  U.S.  Navy  ship  on  17  July  1987. 


Table  3.  Radiosonde  measurement  and  calculated  refractive  conditions  at  41.36*N,  006.12’’ E 
for  0844  (GMT),  17  July  1987. 


Level 

Pressure 

(mbs) 

Temperature 

(Cl 

Relative 
Humidity  (%) 

M-units 

Refractive 

CJondition 

1 

1005.4 

24.3 

88.0 

376.6 

Trapping 

2 

1000.0 

24.8 

78.8 

373.4 

Sub 

3 

975.4 

22.0 

98.4 

411.2 

'Trapping 

4 

954.2 

20.9 

79.4 

409.7 

Super 

5 

933.2 

22.2 

56.7 

413.7 

Standard 

6 

850.0 

18.5 

44.5 

497.8 

Standard 

7 

758.3 

10.2 

57.2 

622.4 
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During  the  evening  over  land,  formation  of  a  temperature  inversion  in  contact 
with  the  ground  is  common  as  is  an  accumulation  of  water  vapor  near  the  surface 
leading  to  a  decrease  of  humidity  with  altitude.  This  inversion  often  results  in 
superre&active  conditions.  During  the  daytime,  a  superadiabatic  layer  quickly 
develops  upward  which  in  turns  produces  mechanical  mixing,  thereby  restoring  the 
refractive  conditions  back  to  standard.  Over  the  open  ocean  there  is  much  less 
variability  since  the  sea-surface  temperature  may  only  change  by  a  few  tenths  of  a 
degree  Celsius  from  night  to  day.  By  plotting  the  values  of  table  3  on  a  thermo¬ 
dynamic  diagram  such  as  a  Department  of  Defense  Weather  Plotting  Chart 
(DOD-WPC)  9-16-1,  “USAF  SKEW-T,  log  p  Diagram,”  or  by  constructing  proGles  of 
potential  temperature  (6)  and  specific  humidity  (q),  as  illustrated  in  figure  26,  the 
ni^ttime  conditions  of  surface  temperature  inversion  with  trapping  conditions  aie 
evident.  Since  this  sounding  was  obtained  during  the  day,  it  appears  to  be  directly 
opposite  to  the  meteorologically  plausible  behavior  of  the  marine  boundary  layer. 

The  TESS/IREPS  operator  must  either  rationalize  the  refractive  conditions  observed 
with  an  appropriate  meteorological  condition  or  must  suspect  instrument  error  due  to 
improper  prelaunch  procedures. 

Even  without  displa3ring  the  radiosonde  sounding  on  a  thermodynamic  dia¬ 
gram,  the  TESS/IREPS  operator  may  also  take  warning  by  inspection  of  the  height  of 
the  anomalous  refractive  condition.  Characteristically,  the  top  of  the  trapping, 
subrefractive  or  superrefractive  layer,  is  alwaj’s  at  a  pressure  of  1000  millibars  when 
the  surface  pressure  exceeds  1000  millibars.  For  surface  pressures  less  than  1000 
millibars,  the  anomalous  refractive  condition  tops  are  at  the  top  of  the  superadiabatic 
layer.  TESS  makes  an  attempt  to  compensate  for  these  measurement  problems  by 
employing  an  averaging  technique  over  the  input  parameters.  IREPS  does  not  try  to 
correct  for  instrument  errors  but  does  warn  the  operator  by  a  printed  message  that  a 
superadiabatic  condition  exists. 


Location  ;  41.36  N  (NI6.12  E 

D4te/tine:  17II844Z  JUL  87 


Rgure  26.  Profiles  of  potential  temperature  and  specific 
humidity  derived  from  radiosonde  soundings  of  table  3. 
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Following  an  exhaustive  study,  Helvey  [1982]  makes  the  following  recommen¬ 
dations  in  an  attempt  to  eliminate  instrument  errors. 

a.  Avoid  exposing  the  radiosonde  to  any  environment  other  than 
ambient  outdoor  conditions  for  5  minutes  prior  to  release. 

b.  Use  a  portable  aspirator  to  ventilate  the  sonde  or  place  the  sonde 
in  an  aspirated  thermoscreen  in  the  shade,  away  from  large  superstructures. 

c.  Obtain  the  surface  data  point  for  the  sounding  from  the  sonde 
itself  rather  than  a  psychrometer.  Allow  sufficient  time  to  get  a  stable  “average” 
surface  value. 


d.  Select  "significant  levels'  based  on  deviations  in  humidity  of  3 
percent  and  in  temperature  of  0.5*0.  Preserve  regions  of  strong  gradient  in  either 
humidity  or  temperature. 

e.  Avoid  any  measurements  between  the  surface  and  500  feet, 
particularly  at  the  top  of  the  daytime  superadiabatic  layer  or  the  top  of  a  strong 
surface  radiation  inversion.  If  this  is  not  possible,  calculate  a  relative  humidity  for 
the  desired  level  based  upon  a  linear  interpolation  of  dew  point  temperature  or 
mixing  ratio  values  at  the  surface  and  from  the  first  available  humidity  contact  above 
500  feet. 

TESS/IREPS  provides  for  entering  environmental  data  from  a  radiosonde 
sounding  transmitted  via  radio  in  the  World  Meteorological  Organization  (WMO) 
format.  The  TESS/IREPS  operator  must  be  cautious  in  the  use  of  these  data  for 
several  reasons.  First,  the  data  are  most  often  obtained  from  a  radiosonde  launched 
over  a  land  mass.  The  changing  synoptic  meteorological  conditions  must  be  eval¬ 
uated  to  insure  the  sounding  is  appropriate  for  the  area  and  time  of  operation.  For 
example,  an  operator  would  want  to  reject  an  early  evening  sea-breeze  sounding  if 
nighttime  land-breeze  conditions  are  present.  Second,  the  actual  data  within  the 
sounding  should  be  investigated.  Often,  digits  can  be  transposed  either  during  the 
recording  of  data  or  during  radio  transmission;  reporting  levels  which  are  both  signi¬ 
ficant  and  mandatory  may  only  be  listed  within  the  mandatory  section  of  the  mes¬ 
sage;  or  an  obvious  observation  error  may  be  made.  Prior  to  the  use  of  any  WMO 
data  within  a  TESS/IREPS  product,  it  is  highly  recommended  that  the  data  be 
plotted  on  a  thermodynamic  diagram  or  be  used  to  construct  a  refractivity  profile 
with  the  results  evaluated  for  meteorological  consistency  and  accuracy. 


57 


10.3  MICROWAVE  REPRACTOMETER 


The  AN/AMH-3  Electronic  Refractometer  Set,  also  known  as  an  airborne 
microwave  refractometer  (AMR),  is  a  device  mounted  on  an  aircraft  and  directly 
measures  the  tropospheric  refractivity.  When  activated,  the  unit  records  static 
pressure,  Pitot  pressure,  air  temperature,  and  refractivity  every  1.7  seconds  and 
stores  the  data  on  a  magnetic  cassette  for  postflight  processing.  A  discussion  of  the 
proper  operation  of  the  AMR,  the  installation  and  operation  of  the  AMR  cassette 
reader,  and  the  method  of  employment  within  TESS/IREPS  may  be  found  in  the 
appropriate  TESS/IREPS  user’s  manual.  The  following  is  a  discussion  of  the  various 
environmental  considerations  and  data  reduction  techniques  associated  with  the 
AMR. 


The  normal  mode  of  operation  for  the  AMR-bearing  aircraft  is  to  launch, 
climb  to  station,  carry  out  the  mission,  descend,  and  recover.  Thus  the  AMR  would 
record  two  vertical  profiles  of  refractivity  during  the  flight:  one  on  ascent  and  one  on 
descent.  Occasionally  there  may  be  other  vertical  profiles  but  generally  the  TESS/ 
IREPS  operator  will  select  the  most  recent  in  time  for  analysis  and  use  in  the  genera¬ 
tion  of  assessment  products, 

A  typical  altitude-versus-time  display  resulting  from  a  normal  flight  is  shown 
in  figure  27.  The  corresponding  refractivity-versus-height  profile  for  the  time  period 
4:00  to  4:30  is  illustrated  in  figure  28.  Note  that  the  AMR  does  not  provide  a  smooth 
profile  of  refractivity.  These  variations  in  refractivity  may  happen  for  a  variety  of 
reasons,  including  minor  fluctuations  of  refractivity  that  actually  occur  in  turbulent 
regions  of  the  troposphere;  large  fluctuations  due  to  noise  or  erroneous  measurements 
by  the  AMR  due  to  water  droplets  in  the  AMR  cavity;  bit  errors  in  reading  the  AMR 
tape;  and  apparent  gradients  due  to  horizontal  changes  in  refractivity.  It  is  the  task 
of  the  TESS/IREPS  operator  to  approximate  the  shape  of  the  profile  using  linear  seg¬ 
ments,  thereby  removing  small  fluctuations  which  are  inappropriate  to  an  accurate 
refractivity  profile. 
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Rgure  27.  Refractometer  altitude  versus  time  display  for  a  flight  on 
29  October  1984. 
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Generally,  a  good  approximation  to  the  shape  of  the  profile  is  obtained  if  a 
straight  line  is  drawn  between  nei^boring  data  points  when  the  data  points  differ  by 
less  than  4  to  6  N-  or  M-units.  There  are  a  number  of  real-world  constraints  that 
significantly  impact  the  quality  of  the  approximation.  First,  the  accuracy  of  the  AMR 
is  plus  or  minus  2  N-units.  Changes  in  refractivity  of  this  magnitude  are  considered 
noise  and  are  physically  meanin^ess.  Second,  the  AMR  measures  the  refi*activity  in 
a  very  small  volume  of  air.  If  this  small  volume  is  not  representativo  of  the  larger 
scale  air  mass,  the  data  are  inappropriate  for  use.  For  example,  on  the  ground  prior 
to  takeoff,  the  AMR  sampling  cavity  may  be  mqiosed  to  hot  exhaust  gases  from  an 
aircraft  immediately  before  it  on  the  runway.  Obviously,  the  changes  measured  by 
the  AMR  (me  localized  to  the  airfield  and  not  representative  of  the  larger  scale  air 
mass  surrounding  the  airfield  and,  therefore,  should  not  be  included  in  the  analysis. 
Third,  bit  errors  caused  by  poor  quality  tape  or  dirty  read/write  tape  heads  may 
indicate  very  large  changes  in  either  height  or  refractivity.  TVpically,  a  bit  error  will 
show  a  very  abrupt  change  followed  by  yet  another  abrupt  change  which  returns  to 
nearly  the  same  plot  position  as  before  the  bit  error.  Lastly,  TESS/IREPS  ha^.  a  limit 
to  the  number  of  data  levels  which  may  be  entered  into  an  environmental  profile.  A 
typiceJ  AMR  refractivity  profile  from  an  altitude  of  20,000  feet  down  to  the  surface 
may  contain  500  data  points.  Experience  with  analyzing  most  profiles  is  that  the 
profile  can  be  adequately  described  with  between  10  to  15  entries  of  height  and 
refi'activity  pairs.  A  further  discussion  of  data  quantity  is  presented  in  section  10.8. 
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Figure  28.  Htfractometor  refractivity  profile  for  the  time 
segment  of  4  04:35  to  4:27:30  of  figure  27. 
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The  “  +  "  symbols  of  figure  28  indicate  the  points  the  analyst  has  chosen  to 
represent  the  profile.  It  is  strongly  recommended  that  a  new  user  gain  experience 
with  refractometer  data  analysis  by  trial.  By  using  the  printing  features  of  TESS/ 
IREP^>,  obtain  a  paper  copy  of  the  AMR  refractivity  versus  height  profile.  With  a 
straight  edge  and  a  pencil,  draw  joining  lines  on  the  baa'd  copy  such  that  the  maxi¬ 
mum  deviation  from  the  straight  line  and  the  plotted  data  are  less  than  3  or  4 
N-units.  Enter  these  environmental  data  into  TESS/IREPS  and  produce  a  surface 
coverage  diagram  (section  12.0)  and  an  airborne  early  warning  (AEW)  display  (section 
14.0).  Repeat  this  procedure  a  number  of  times,  but  each  time  reduce  the  number  of 
points  selected  on  the  refractivity  profile,  allowing  greater  refractivity  deviations 
from  the  straight  line.  Compare  the  like  ^tem  coverage  and  AEW  products  to  see 
the  effects  of  over-  and  undersampling  the  refractivity  profile.  This  technique  will 
aid  in  establishing  subjective  guidelines  for  approximating  the  refractivity  profile. 

Note  on  figure  28  that  the  feature  between  5000  and  6000  feet  has  been  neg¬ 
lected.  Had  this  feature  been  included,  a  strong  trapping  layer  of  -94  N/kft  overlain 
by  a  strong  subrefractive  layer  of  361  N/kft  overlain  by  another  strong  trapping  layer 
of  -114  N/kft  would  have  resulted.  This  would  be  equivalent  to  having  a  strong 
inversion  overlain  by  a  very  moist  layer  overlain  by  another  strong  inversion,  which 
is  meteorologically  unrealistic.  Another  clue  is  that  the  refractivity  gradients  are 
unrealistically  strong.  Any  subrefractive  gradient  greater  than  100  N/kft  should  be 
considered  suspicious.  Any  trapping  layers  less  than  -100  N/kft  should  also  be  con¬ 
sidered  doubtful.  Additional  information  about  the  strengths  of  trapping  layers  in 
different  ocean  regions  of  the  world  is  available  in  the  TESS/  IREPS  historical  sum¬ 
maries  (section  10.6).  If  one  is  unsure  of  whether  or  not  a  particular  feature  should 
be  included,  include  it,  let  TESS/IREPS  determine  the  N-unit  gradient,  and  then 
delete  it  if  it  is  unrealistic. 

Another  means  to  check  on  suspicious  layers  is  to  make  comparisons  with 
other  profiles.  For  example,  figure  29  is  the  refractivity  versus  height  profile  from 
the  ascent  portion  of  figure  27.  There  is  no  indication  of  the  feature  between  5000 
and  6000  feet  which  leads  to  additional  support  for  neglecting  the  layer.  The  analyst 
can  get  a  better  feel  for  the  chemges  that  are  taking  place  in  refractivity  by  plotting 
both  ascent  ond  descent  profiles  together  such  as  illustrated  in  figure  30.  It  is  appar¬ 
ent  that  the  small  features  are  indeed  transient  and  that  the  gross  features  of  the  pro¬ 
file  are  consistent  with  the  exception  of  the  region  between  3000  and  7000  feet.  It  is 
not  apparent  from  the  data  aione  what  could  be  causing  the  discrepancy,  possibly 
equipment  problems,  water  droplets  affecting  the  AMR,  or  erroneous  data  being  read 
from  the  AMR  tape. 
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Figure  29.  Ascent  refractvity  profile  from  figure  27. 


Figure  30.  Combined  ascent  and  descent  refractivity 
profiles  from  figure  27. 
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In  some  cases,  it  may  be  desirable  to  analyze  the  refiractivity  profile  in  terms 
of  the  modihed  refractivity  or  M-units.  The  M-unit  an8d3rsis  greatly  aids  in  picking 
out  trapping  layers  or  ducts.  Normally,  the  M-unit  profile  is  increasing  with  altitude 
A  trapping  layer  is  readily  observed  when  the  M-unit  profile  decreases  with  altitude. 

Analysis  of  a  second  flight,  figure  31,  provides  additional  insights. 


z 

K 

I 

o 

uj 

I 


42' 
30 
20 
10 
0 
0 
40 
30 
20 
10 
Q 
2: 
40 
3  0 
20 
10 
O' 
4 


00 


0U 


0:30 


2:30 


■V 


00 


4 ;  30 


1:00 


.X 

3:00 


I 

5 : 00 


1 :30 


: :  00 


5 : 30 


4:00 


6:00 


DURATION  IN  HOURStMINUTES 


Figure  31 .  Refractometer  altitude  versus  time  display  for  a  flight  on 
8  February  1 984. 


The  figure  31  ascent  profile  from  the  3:00:26  to  3:23:38  time  frame  and  the 
descent  profile  from  the  3:29:22  to  4:43:32  time  frame  are  illustrated  in  figures  32 
and  33  respectively.  The  surface  point  was  obtained  by  linearly  extrapolating  the 
lowest  point  on  the  profile  (about  800  feet)  to  the  surface.  The  profile  of  figure  32 
shows  a  typical  trapping  layer  which  lies  between  levels  2  and  3  and  has  an  N 
gradient  of  about  -64  N/kft. 

Interestingly,  the  trapping  layer  at  4000  feet  appears  to  have  either  weakened 
or  lifted  to  10,000  feet.  However,  the  feature  at  10,000  feet  is  suspicious  in  that  it 
has  a  very  sharp  gradient.  Looking  again  at  figure  31  shows  that  during  the  time 
frame  selected,  the  aircraft  descended  to  approximately  10,000  feet  and  maintained 
that  altitude  for  about  55  minutes  before  continuing  the  descent.  At  typical  aircraft 
speeds,  this  could  easily  represent  a  horizontal  distance  of  200  to  300  nautical  miles. 
Over  these  distances,  the  horizontal  gradient  of  refractivity  could  be  15  to  20 
N-units,  thus  introducing  an  ofiset  into  the  profile.  To  compensate  for  this,  the 
analyst  adjusted  the  digitized  points  to  the  right  of  the  actual  profile  above 
10,000  feet.  A  meteorological  analog  to  this  situation  would  be  in  interpreting 
marine  barograph  traces,  where  the  analysis  of  pressure  changes  must  also  include 
the  movement  of  the  barograph  within  the  pressure  field. 
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Figure  32.  Refractometer  refractivlty  profile  for  times  between 
3:00:26  and  3:23:38  hours  on  8  February  1984  from  figure  31 . 


Figure  33.  Refractometer  refractMty  profile  for  times  between 
3:39:22  and  4:43:32  hours  on  8  February  1984  from  figure  31 . 
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10.3.1  Pilot  Reports 


Located  within  the  aircraft  cabin  is  a  direct-read  display  of  the  AMR  data. 
From  this  display,  the  pilot  can  determine  the  top,  thickness,  and  strength  (relative 
to  other  layers)  of  a  trapping  layer  and  the  top  of  a  subrefractive  layer.  Often  times 
this  information  may  be  communicated  via  radio  so  that  the  TESS/IREPS  operator  is 
able  to  construct  a  refractivity  profile  without  waiting  for  the  aircraft’s  return  and 
the  reading  of  the  cassette  tape.  While  the  construction  of  a  profile  requires  some 
assumptions  which  may  or  may  not  be  true,  the  profile  may  be  used  as  a  first  approx¬ 
imation  until  actual  conditions  are  confirmed  from  a  radiosonde  or  the  AMR  cassette 
tape. 


The  following  steps  are  taken  to  construct  a  refractivity  profile  from  a  pilot’s 
report  of  trapping  layers.  The  profile  is  constructed  from  the  surface  upward  to 
include  the  total  number  of  trapping  layers.  This  method  cannot  be  used  to  construct 
a  profile  which  includes  subrefractive  or  superrefractive  layers,  since  the  layer  thick¬ 
ness  is  unavailable  from  the  cockpit  readout.  Refer  to  figures  15  and  16  for  the  dis¬ 
tinction  between  trapping  layers  and  the  resulting  ducts. 

a.  Determine  a  surface  refractivity  by  using  equations  5  and  6,  con¬ 
verting  to  modified  refractivity  (M-units)  by  equation  7. 

b.  Subtract  the  first  layer’s  thickness  from  its  top  to  obtain  the 
layer’s  bottom.  Examine  the  layer’s  bottom  height.  If  it  is  zero,  a  surface-based  duct 
created  from  a  surface-based  layer  is  present.  By  using  the  world-wide  average  modi¬ 
fied  refractivity  gradient  of  -80.4  M/kft  foi‘  a  sm-  :e-based  trapping  layer,  extra¬ 
polate  the  surface  M-unit  value  up  to  the  layer’s  top. 

If  the  layer’s  bottom  is  not  zero,  it  may  or  may  not  create  a  surface-based 
duct.  By  using  a  standard  atmosphere  M-unit  gradient  of  36  M/kft  (table  2),  extra¬ 
polate  the  surface  M-unit  value  up  to  the  layer’s  bottom.  By  using  the  world-wide 
average  M-unit  gradient  of  -32.4  M/kft  for  an  elevated  trapping  layer,  extrapolate  the 
M-unit  VEdue  at  the  layer’s  bottom  up  to  the  layer’s  top. 

If  the  M-unit  value  at  the  layer’s  top  is  less  than  the  M-unit  value  at  the  sur¬ 
face,  the  trapping  layer  has  created  a  surface-based  duct.  If  the  M-unit  value  at  the 
layer’s  top  is  greater  than  the  M-unit  value  at  the  surface,  the  trapping  layer  has 
created  an  elevated  duct.  While  it  is  not  a  necessary  data  point  within  the  modified 
refractivity  profile,  the  elevated  duct’s  bottom  height  may  be  found  by  extrapolating 
the  surface  M-unit  value,  using  a  standard  gradient,  to  a  height  which  would  give  the 
M-unit  calculated  at  the  layer’s  top. 

c.  If  there  is  more  than  one  layer,  repeat  the  steps  outlined  in  (a)  and 
(b)  above  but  u"’9  the  M-unit  value  at  the  top  of  the  layer  immediately  below  the  one 
under  consideration  as  the  starting  value.  Since  a  layer’s  strength  relative  to  other 
layers  is  available,  the  trapping  gradient  used  may  be  varied  to  produce  a  more  repre¬ 
sentative  profile. 
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Rather  than  using  the  world-wide  average  M-unit  trapping  gradients,  the 
TESS/IREPS  historical  database  may  be  accessed  with  the  latitude  and  longitude  of 
the  refractometer’s  position  (section  10.6).  If  the  listed  WMO  reporting  station  is 
suSiciently  close  to  be  considered  within  the  same  air  mass,  the  more  climatologically 
correct  M-unit  trapping  gradients  may  be  calcvilated  by  dividing  the  layers’  M-irnit 
deficits  by  their  thicknesses. 

10.4  SATELLITE  IMAGERY 

Visual  and  infrared  satellite  imagery  reveals  characteristic  cloud  and  thermal 
patterns  identifying  fronts,  airmasses,  and  mesoscale  structure.  The  widespread  and 
frequent  global  coverage  provided  by  satellite  imagery  is  most  useful  over  the  open 
ocean  where  there  is  an  almost  total  void  of  conventional  data. 

With  its  ability  to  detect  broad  areas  of  stratified  low  clouds,  satellite  imagery 
is  particularly  useful  in  identifying  suspected  regions  of  overlying  low-level  inversions 
and,  thus,  low-ele^^ated  or  surface-based  ducts.  Even  though  qualitative  analysis  of 
satellite  imagery  cannot  be  expected  to  provide  a  precise  fix  on  the  altitude  of  ducts, 
it  does  have  the  potential  for  indicating  duct  occurrence,  probable  height  categories, 
and  trends  of  duct  strength. 

Helvey  and  Rosenthal  [1983]  evaluated  a  number  of  satellite  images  with 
radiosonde  soundings  from  the  Pacific  and  Atlantic  Ocean  areas  and  have  developed 
an  association  with  meteorological  processes  and  duct  occurrence.  In  1985  their 
work  was  expanded  to  investigate  the  relationship  between  cloud  structures  as  seen 
in  satellite  images  and  refractive  conditions.  The  principal  difficulties  in  developing 
reliable  predictive  guidance  are  associated  with  limitations  on  the  data  available  over 
the  ocean  and  the  measurement  systems  employed  to  gather  them,  the  influence  of 
small  scale  atmospheric  and  ocean  features  on  prevailing  synoptic  conditions,  and  the 
imperfections  in  the  dynamical  or  statistical  models  used  in  the  prediction  process. 

It  must  be  emphasized  that  any  efforts  in  this  Held  are  still  developmental,  not 
operational.  Even  when  an  operational  technique  becomes  available,  the  predictive 
capabilities  will  be  intended  to  provide  guidance  in  the  evaluation  of  meteorological 
conditions  appropriate  to  duct  formation  and  will  never  be  meant  to  replace  the 
measurements  of  the  radiosonde  or  AMR.  Over  the  past  several  years,  several  refrac¬ 
tive  effects  guidebooks  or  fleet  tactical  memos  dealing  with  this  topic  have  been  pub¬ 
lished  by  various  naval  commands.  While  these  have  become  obsolete  or  cancelled  by 
the  authors,  they  are  still  being  retained  and  used.  At  the  time  of  this  document’s 
publication,  any  use  of  schemes  to  derive  ducting  conditions  and,  specifically,  heights 
and  strengths  from  satellite  imagery  or  synoptic  parameters  is  not  recommended. 
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10.5  IMPORTED  METEOROLOGICAL  DATA 


Meteorological  data,  radiosonde  soundings,  and  refractivity  profiles  may  be 
obtained  from  the  Fleet  Numerical  Oceanography  Command  (FNOC)  via  naval 
message.  The  Automated  Products  Request  User’s  Manual,  FLENUMOCEANCEN- 
INST  3140.3  (series),  describes  the  data  available  and  how  to  obtain  it. 

At  the  time  of  this  publication,  radiosonde  soundings  or  refractivity  profiles 
created  from  radiosonde  soundings  may  be  obtained  only  from  established  WMO 
stations  or  U.S.  Navy  ships  of  opportunity.  All  of  the  caveats  associated  with  radio¬ 
sonde  observations  as  discussed  in  section  10.2  must  be  considered  when  using  these 
data.  At  the  very  minimum,  the  data  should  be  inspected  to  insure  they  are  meteoro¬ 
logically  reasonable. 

FNOC  is  developing  the  capability  to  provide  field  points  from  the  Navy  Oper¬ 
ational  Global  Atmospheric  Prediction  System  (NOGAPS)  with  a  vertical  resolution 
of  40  meters,  160  meters,  368  meters,  700  meters,  and  1200  meters  in  addition  to  the 
stemdard  meteorological  reporting  levels.  While  this  vertical  resolution  is  insufficient 
for  construction  of  a  refractivity  profile,  it  may  prove  valuable  in  assessing  the  mete¬ 
orological  conditions  associated  with  ducting  conditions.  A  still  experimental  effort 
is  being  made  toward  providing  meteorological  data  with  a  vertical  resolution 
sufficient  for  construction  of  a  refractivity  profile.  This  effort  is  entitled  the  Navy 
Operational  Local  Atmospheric  Prediction  System  (NOLAPS).  When  these  data 
become  available,  the  TESS/IREPS  operator  is  cautioned  that  not  only  may  the 
observational  errors  of  the  input  radiosonde  still  be  present,  the  assumptions  neces¬ 
sary  for  computer  modeling  of  the  atmosphere  must  also  be  taken  into  account.  The 
operator  must,  at  all  times,  inform  the  product  user  as  to  the  reliability  of  the  data 
upon  which  the  product  is  beised. 

10.6  TESS/IREPS  CLIMATOL  3GY 


In  cases  where  no  current  environmental  data  are  available  or  a  planner 
desires  sample  TESS/IREPS  products  for  a  future  operation,  the  climatology  of 
refractive  conditions  may  be  accessed  to  create  a  refractivity  profile.  Figure  34  is  an 
example  of  this  historical  propagation  conditions  summary.  The  main  body  of  the 
summary  consists  of  five  tabular  listings,  each  of  which  are  separated  into  yearly  and 
trimonthly  categories.  These  categories  are  further  subdivided  into  daytime,  night¬ 
time,  and  a  combination  of  both  day  and  night.  An  asterisk  within  the  body  of  the 
table  indicates  insufficient  statistical  data. 

The  statistics  displayed  within  the  historical  propagation  conditions  summary 
are  derived  from  two  meteorological  data  bases:  the  Radiosonde  Data  Analysis  II 
assembled  by  the  GTE  Sylvania  Corporation  and  the  Duct63  assembled  by  the 
National  Climatic  Data  Center. 
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Figure  34.  Historical  propagation  conditions  summary. 
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GTE  Sylvania,  under  contract  by  the  Department  of  Defense,  conducted  a 
large-scale  analysis  of  approximately  3  million  worldwide  radiosonde  soundings 
during  a  5-year  period,  from  1966  to  1969  and  1973  to  1974.  Numerous  statistics  for 
tropospheric  ducts,  superrefractive  layers  and  related  weather  parameters  from  921 
radiosonde  stations  were  processed.  From  these  statistics,  a  propagation  conditions 
database  was  constructed  to  show  the  percent  occurrence  of  enhanced  surface-to- 
surface  radar/ESM/communication  ranges,  the  percent  occurrence  and  geometries  of 
surface-based  and  elevated  ducts,  and  general  meteorological  parameters. 


The  National  Climatic  Data  Center,  Asheville,  North  Carolina,  under  contract 
from  NOSC,  produced  a  subset  analysis  of  its  Standard  Tape  Deck  Family  11  (STD- 
11)  data  base.  The  STD-11  data  base  consists  of  over  150  years  of  worldwide  surface 
meteorological  observations.  These  observations  were  assembled  from  ship  logs,  ship 
weather  reporting  forms,  published  ship  observations,  automatic  buoys,  teletype 
reports,  and  card  decks  purchased  from  foreign  meteorological  services.  The  subset 
analysis,  known  as  the  the  DUCT63,  covers  293  Marsden  squares  and  spans  15  years 
of  surface  observations.  While  the  world  is  divided  into  648  Marsden  squares,  only 
293  squares  were  utilized  for  two  reasons.  First,  TESS/IREPS  is  specifically  con¬ 
cerned  with  the  maritime  environment.  Marsden  squares  not  containing  a  region  of 
ocean  are  excluded  from  the  data.  Second,  a  requirement  of  at  least  100  valid  obser¬ 
vations  per  month  was  imposed  to  reduce  the  effects  of  §,py  spurious  meteorological 
measurements  on  the  distributions.  The  location  of  the  i4aisdj!)n  squares  contained 
within  the  DUCT63  analysis  is  shown  in  figure  35  as  the*  regio^  i  enclosed  by  the 
heavy  border.  Using  these  observations  and  the  modi^ea^ion  to  evaporation  duct 
height  calculations  to  account  for  measurement  <>’  roi  |  las  discussed  in  section  10.1,  an 
evaporation  duct  histogram  in  percent  occuvre/  co  wiJi  created, 

f 

Refractivity  profiles  c^.istivact^  from  the  climatological  database  are  refer¬ 
enced  to  mean  sea  level;  hcv^  ver-tl  f  profile  information  contained  within  the  data¬ 
base  is  referenced  to  th^  ac  ^'aal  station  height.  Therefore,  a  generated  refractivity 


profile  containing  a  sumce-based  duct  may  translate  the  surface-based  duct  to  an 
elevated  duct^^e^a  is  referenced  to  mean  sea  level.  It  will  always  be  a  surface- 
based  duct  tiie  *tion  height.  If  a  surface-based  duct  is  critical  and  the  transla¬ 
tion  effect  ofjcurs.^he  profile  must  be  edited  prior  to  use. 


Note!  Products  generated  from  climatology  should  always  be  tagged  in  the 
user’s  comment  lines  as  such.  In  addition,  the  percent  occurrence  of  the  profile 
should  be  noted.  To  construct  a  radcu*  coverage  display  based  upon  a  surface-based 
ducting  profile,  which  may  occur  only  2  percent  of  the  time,  is  inappropriate  and 
misleading  unless  the  product’s  user  understands  this  limitation. 
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Marsden  square  numbering  system  for  the  world. 


10.7  TROPOSPHERIC  HORIZONTAL  HOMOGENEITY 


The  troposphere  is  composed  of  segments  of  air  called  air  masses.  An  air  mass 
is  often  defined  as  a  widespread  body  of  air  that  is  approximately  homogeneous  in  its 
horizontal  extent,  particularly  with  reference  to  temperature  and  moisture;  in  addi¬ 
tion,  the  stagnation  or  long-continued  motion  of  air  over  a  particular  region,  rrfltw 
source  region,  of  the  earth’s  surface  permits  the  vertical  temperature  and  moisture  ^ 
distribution  of  the  air  to  reach  relative  equilibrium  with  the  underlying  surface 
[Huschke,  1959].  A  classification  system  known  as  the  Bergeron  classification  system 
names  these  air  masses  according  to  the  thermal  (tropical  (T),  polar  (P)  and  arctic  or 
antarctic  (A))  and  moisture  (continental  (c)  and  maritime  (m))  properties  of  the  air 
mass’s  source  region.  Figure  36  illustrates  the  source  regions  for  the  mtgor  air 
masses  of  the  world. 


Figure  36.  Air  mass  distribution  of  the  world. 


The  boundary  zone  between  two  different  air  masses  is  referred  to  as  a 
"front.”  When  air  masses  are  in  motion  relative  to  each  other,  the  term  “front”  is 
modified  by  a  temperature  description,  the  temperature  of  the  air  mass  moving  into  a 
geographical  area  relative  to  the  temperature  of  the  air  mass  being  displaced.  For 
exeunple,  should  the  cP  air  mass  of  Canada  from  figure  36  move  southeeistweu'd  into 
the  Atlantic  Ocean,  the  boundary  zone  between  it  and  the  displaced  mT  air  m«R.Q 
would  be  called  a  “cold  front.”  As  can  be  seen  from  figure  36,  the  horizontal  extent  of 
an  air  mass,  often  in  excess  of  1600  kilometers,  is  much  greater  than  that  of  a  frontal 
zone,  usually  less  than  200  km.  In  addition,  the  movement  of  air  masses  is  generally 
slow,  usually  less  than  20  knots.  It  is  not  unv.sual,  therefore,  to  have  a  geographical 
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area  under  the  influence  of  one  air  mass  for  several  days,  followed  by  several  hours  of 
changing  conditions,  returning  to  an  air  mass  situation  for  several  more  days.  For 
subtropical  and  equatorial  latitudes,  it  is  not  unusual  to  have  one  geographical  area 
under  the  influence  of  one  air  mass  for  months  on  end. 

Since  air  masses  which  are  horizontally  homogeneous  in  temperature  and 
moisture  cover  the  majority  of  the  earth’s  surface,  assessment  programs  such  as 
TESS/IREPS  assume  that  the  troposphere  is  horizontally  homogeneous  in  the 
vicinity  of  the  ^tem  being  assessed.  Of  course,  within  the  air  mass  itself,  it  is  not 
unreasonable  to  find  minor  fluctuations  of  temperature  and  humidity,  both  horizon¬ 
tally  and  in  time.  The  question  remains,  do  these  fluctuations  have  a  significant 
influence  upon  electromagnetic  wave  propagation?  Or  in  other  words,  how  good  is 
the  assumption  of  horizontal  homogeneity  for  assessment  programs  such  as  TESS/ 
IREPS?  Dotson  [1987]  compared  13  radiosonde  launches  taken  simultaneously  by 
two  oceanographic  research  ships,  the  WV  Endeavor  and  the  R/V  Oceanus.  During 
the  period  of  observation,  the  separation  distance  between  ships  varied  between  10 
and  340  kilometers.  For  each  radiosonde  launch,  a  radar  coverage  diagram  similar  to 
figure  13  was  produced  and  the  height  and  range  to  the  tip  of  each  lobe  (for  example, 
point  A  of  figure  13)  v/as  obtained.  Figures  37  and  38  illustrate  the  height  and  range 
differ «.nces  respectively  of  the  lowest  lobe  for  each  radiosonde  launch.  As  can  be  seen, 
the  worst  difference  in  height,  70  meters  over  40  kilometers,  and  the  worst  difference 
in  range,  1.6  kilometers  over  126  kilometers,  produce  an  assessment  difference  of  only 
0.018  percent  and  0.8  percent  respectively.  While  horizontal  fluctuations  of  tempera¬ 
ture  and  moisture  do  in  fact  occur,  it  would  seem  they  are  relatively  unimportant  for 
radar  assessment  purposes. 

It  has  been  demonstrated  by  D.P.  Glevy,  Naval  Electronics  Laboratory  Center 
(personal  communications,  1976),  using  actual  measured  signal  strengths  over  an 
ocean  path  from  San  Diego  to  San  Nicolas  Island  (113  nautical  miles),  that  the  tro¬ 
posphere  is  sufficiently  horizontally  homogenous  to  allow  for  accurate  electromag¬ 
netic  wave  propagation  assessments  85  percent  of  the  time.  This  figure  has  also  been 
confirmed  by  independent  fleet  operational  units  (Commander  Third  Fleet,  1979). 

It  is  important  to  restate  that  TESS/IREPS  assumes  horizontal  homogeneity 
within  an  air  mass.  In  the  vicinity  of  fronts,  continental/ocean  boundaries,  ice 
margins,  etc.,  horizontal  homogeneity  of  temperature  and  moisture  does  not  occur. 
The  operator  must  insure  the  environment  selected  is  appropriate  to  the  mission 
aiea. 
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Figure  37.  Difference  in  50-percent  probability  of  detection,  lobe  1  heights 
for  a  surface-search  radar. 


Figure  38.  Difference  in  50-percent  probability  of  detection,  lobe  1  ranges 
for  a  surface-search  radar. 
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10.8  VERTICAL  DATA  RESOLUTION 


While  an  air  mass  may  be  horizontally  homogeneous  in  refractivity,  it  is  not 
homogeneous  in  the  vertical.  Therefore,  it  is  necessary  to  accurately  define  the  verti¬ 
cal  distribution  of  refiractivity.  As  described  within  section  10.3,  for  most  cases,  the 
vertical  profile  of  refractivity  can  be  adequately  desciibed  with  between  10  to  15 
entries  of  height  and  refractivity  pairs.  New  high-resolution  radiosondes  which  meas¬ 
ure  the  troposphere  every  1.5  seconds,  using  an  ascent  rate  of  600  feet  per  minute, 
would  produce  1,520  data  points  from  the  surface  to  a  height  of  23,000  feet  (approx¬ 
imately  400  millibars).  Intuitively,  it  would  seem  that  the  greatest  vertical  resolu¬ 
tion  would  produce  the  most  accurate  representation  of  the  troposphere.  While  this 
may  be  a  true  statement  from  a  meteorological  standpoint,  for  assessment  of  electro¬ 
magnetic  wave  propagation  this  finely  detailed  refractivity  structure  is  not  necessary 
and  may,  in  some  cases,  be  misleading. 

Consider  figures  39  and  40.  They  illustrate  a  detailed  vertical  structure  of 
temperature  and  humidity  obtained  from  a  high-resolution  radiosonde.  The  “  +  ” 
symbols  shown  in  each  figure  define  the  data  points  selected  to  accurately  represent 
the  profiles.  As  can  be  seen,  22  pairs  of  temperature  and  humidity  data  were  selected 
from  figure  39  and  12  pairs  were  selected  from  figure  40,  with  both  sets  of  data  cover¬ 
ing  the  same  vertical  extent.  The  height  versus  refractivity  profiles  are  illustiated  in 
figures  41  and  42  respectively. 

While  a  difference  in  refractivity  structure  is  seen,  note  from  figures  43  and 
44,  typical  path-loss  versus  range  assessment  products  for  an  airborne  ^tem  located 
at  approximately  3,200  feet  generated  from  the  environments  of  figures  39  and  40 
respectively,  there  is  no  significant  difference  in  assessed  path  loss. 

Figures  45  and  46  illustrate  airborne  radar  coverage  in  a  way  appropriate  to 
the  positioning  of  an  early  warning  radar  (section  14.0).  These  two  figures  were 
generated  from  the  environments  of  figpires  39  and  40  respectively.  Here  a  slight 
difference  between  products  is  observed,  but  this  difference  is  insignificant  when 
considering  the  mission  of  the  aircraft  and  the  purpose  of  the  product. 

Would  the  differences  be  significant  for  an  aircraft  with  a  different  mission, 
such  as  a  fighter  trying  to  gain  fire-control  radar  lock  on  with  a  target?  It  is  very 
likely  that  such  a  multiple  layered  troposphere  could  cause  radar  fading  problems. 
This  is  illustrated  by  the  path-loss  versus  range  products  shown  in  figures  47  and  48 
where  both  radar  and  target  are  located  at  an  altitude  of  approximately  5000  feet. 

Other  considerations,  however,  such  as  a  rapidly  changing  geometry  between 
radar  and  target  (compare  figures  43  and  44  with  figures  47  and  48)  in  relation  to  the 
anomalous  propagation  layers  would  overshadow  the  anomalous  refractivity  condi¬ 
tions.  Regardless  of  the  refractive  significance,  use  of  the  illustrated  product  is  inap¬ 
propriate  to  a  fighter  so  employed.  Figures  49  and  50  illustrate  the  proper  assess¬ 
ment  product  and  it  may  indeed  be  seen  that  there  is  no  significant  difference 
between  environments. 
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RH,  percent  TEMPERATURE,  deg  C 


Figure  39.  Temperature  and  relative  humidity  profiles  of  22  pairs  from  rapid 
response  radiosonde.  San  Diego.  8  July  1987, 1100  POT. 
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RH,  percent  TEMPERATURE,  deg  C 


Figure  40.  Temperature  and  relative  humidity  profiles  of  12  pairs  from  rapid 
response  radiosonde.  San  Diego,  8  July  1 987,  1100  PDT. 
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LOCRTIOHi  San  D1*go  <f1n*> 

DflTE-'TIMEt  07/'e8/87-1100PDT 

MIND  SPEED  3  meters  per  second  DEFRULT  EVRP  DUCT  HEIGHT^  13  meters 

VISIBILITY  Is  not  specified 


DUCTS 


REFRflCTIVITY 
N  UNITS 


SURFRCE-TO-SURFRCE 

EXTENDED  RANGES  FOR  ALL  FREQUENCIES  ABOVE  6  GHZ 
SURFflCE-TO-RIR 

NORMAL  RANGES  AT  ALL  ALTITUDES. 

AIR-TO-AIR 

EXTENDED  RANGES  FOR  ALTITUDES  BETWEEN  755  AND  988  METERS 

EXTENDED  RANGES  FOR  ALTITUDES  BETWEEN  1,026  AND  1,119  METERS 

POSSIBLE  HOLES  FOR  ALTITUDES  BETWEEN  988  AND  1,026  METERS 

POSSIBLE  HOLES  FOR  ALTITUDES  ABOVE  1,119  METERS 

HOLES  FROM  SUB-  OR  SUPER-  REFRACTIVE  LAYERS  MAY  EXIST  ABOVE  988  METERS 
SURFACE  REFRACTIVITYi  329  —SET  SPS-48  TO  344 


Figure  41 .  Propagation  conditions  summary  derived  from  data  of  figure  39. 
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LOCRTIONi  S«n  Di«go  <rough> 

DfiTE/'TIME;  0?/08/87-l  100PDT 

UIND  SPEED  3  meters  per  second  DEFfiULT  EVflP  DUCT  HEIGHT=  13  meters 

VISIBILITY  is  not  specified 


DUCTS 


REFRflCTIVITY  MODIFIED  REFRRCTIVITY 

H  UNITS  M  UNITS 


SURFfICE-TO-SURFflCE 

EXTENDED  RfiNGES  FOR  ALL  FREQUENCIES  ABOVE  6  GHZ 
SURFACE-TO-AIR 

NORMAL  RANGES  AT  ALL  ALTITUDES. 

AIR-TO-AIR 

EXTENDED  RANGES  FOR  ALTITUDES  BETWEEN  755  AND  988  METERS 

EXTENDED  RANGES  FOR  ALTITUDES  BETWEEN  1,026  AND  1,119  METERS 

POSSIBLE  HOLES  FOR  ALTITUDES  BETWEEN  988  AND  1,026  METERS 

POSSIBLE  HOLES  FOR  ALTITUDES  ABOVE  1,119  METERS 

HOLES  FROM  SUB-  OR  SUPER-  REFRACTIVE  LAYERS  MAY  EXIST  ABOVE  988  METERS 
SURFACE  REFRACTIVITY;  329  —SET  SPS-48  TO  344 


Figure  42.  Propagation  conditions  summary  derived  from  data  of  figure  40. 
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0  40  B0'  120  lee 

RRNQE  IN  NRUTICRL  M1LE3 


USER  OPTIONAL  LABEL  LINE  NUMBER  ONE 
USER  OPTIONAL  LABEL  LINE  NUMBER  TWO 

HORIZONTAL  DASHEB  LINES  INDICATE  DETECTION,  COMMUNICATION,  OR 
INTERCEPT  THRESHOLDS. 


TYPE  OF  PLATFORM!  AIRBORNE 

TRANSMITTER  OH  RADAR  ANTENNA  HEIGHT:  3280.84  FEET 

RECEIVER  OR  TARGET  HEIGHT:  3842.52  FEET 

FREQUENCY:  200  MHZ 

POLARIZATION:  HORIZONTAL 

FREE  SPACE  RANGES:  100  NAUTICAL  MILES 

ANTENNA  TYPE:  OMNI 


Figure  43.  Path-loss  versus  range  product  derived  from  environment  of  figure  39. 
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TYPE  OF  PLfiTFORM:  RIREORNE 

TRANSMITTER  OR  RflDFiR  ANTENNA  HEIGHT;  3230.84  FEET 

RECEIVER  OR  TARGET  HEIGHT;  9842.52  FEET 

FREQUENCY:  200  MHZ 

POLARIZATION:  HORIZONTAL 

FREE  SPACE  RANGES:  100  NAUTICAL  MILES 

ANTENNA  TYPE:  OMNI 


Figure  44.  Path-loss  versus  range  product  derived  from  environment  of  figure  40. 
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LOCATION) 

S*n  Ditgo  <finc> 

DATE/TIME) 

07/08/87-1 100PDT 

RRNGEi 

150  NM 

CONDITION 

0  e.a  3  7.3  10  ia.5  is  17.5  20  22.3  83 


RECEIVER/TRRGET  HLTI7UDE  (KFT) 


VARIATIONS  IN  SHADED  AREA  INDICATE  DISTORTIONS  IN  PROPAGATION  AT  THIS  RANGE 


DARKEST  SHADING  INDICATES  RAY  CONVERGENCE  AND  MULTIPATH 
LIGHTEST  SHADING  INDICATES  RAY  DIVERGENCE 


Figure  45.  AEW  product  derived  from  environment  of  figure  39. 


TRRNSMITTER/RflDFIR  ALTITUDE  (KFTt 


LOCATION!  SAn  Diego  (rough) 
DflTE/TIMEt  07.'08/87-l  100PDT 


0  £.5  5  7.5  10  12,5  15  17.5  20  £2.5  £5 


CONDITION 


KEY 


Duct  M 
Supr  M 

Sub  lllliil 


RECEIVER/THRGET  ALTITUDE  (KFT3 


VARIATIONS  IN  SHADED  AREA  INDICATE  DISTORTIONS  IN  PROPAGATION  AT  THIS  RANGE 

DARKEST  SHADING  INDICATES  RAY  CONVERGENCE  AND  MULTIPATH 
LIGHTEST  SHADING  INDICATES  RAY  DIVERGENCE 

Figure  46.  AEW  product  derived  from  environment  of  figure  40. 
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LOCATIONi  S*n  Di*go 
DfiTE/'TIMEi  07/e8/'87-l  100PDT 


2eetiH2  niR  omni 


RRNGE  IN  NRUTICRL  MILES 


USER  OPTIONAL  LABEL  LINE  NUMBER  ONE 
USER  OPTIONAL  LABEL  LINE  NUMBER  TUO 

HORIZONTAL  DASHED  LINES  INDICATE  DETECTION,  COMMUNICATION,  OR 
INTERCEPT  THRESHOLDS. 


TYPE  OF  PLATFORM;  AIRBORNE 

TRANSMITTER  OR  RADAR  ANTENNA  HEIGHT;  4921  FEET 

RECEIVER  OR  TARGET  HEIGHT;  4921  FEET 

FREQUENCY;  200  MHZ 

POLARIZATION;  HORIZONTAL 

FREE  SPACE  RANGES;  100  NAUTICAL  MILES 

ANTENNA  TYPE;  OMNI 


Rgure  47.  Path-loss  versus  range  product  derived  from  environment  of  figure  39. 
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CLtri-i  _ioo)<ii  wz  Qcn 


LOCRTIONi  S*n  Ditgo  (rough) 
DRTE/TIMEt  07/08/87-1 lOOPDT 


2O0MH2  RIR  OMNI 


USER  OPTIONAL  LABEL  LINE  NUMBER  ONE 
USER  OPTIONAL  LABEL  LINE  NUMBER  TWO 

H0RI20NTRL  DASHED  LINES  INDICATE  DETECTION,  COMMUNICATION,  OR 
INTERCEPT  THRESHOLDS. 


TYPE  OF  PLATFORM!  AIRBORNE 

TRANSMITTER  OR  RADAR  ANTENNA  HEIGHT:  4921  FEET 

RECEIVER  OR  TARGET  HEIGHT;  4921  FEET 

FREOUENCY;  280  MH2 

POLARISATION:  HORIZONTAL 

FREE  SPACE  RANGES:  lOO  NAUTICAL  NILES 

ANTENNA  TYPE:  OMNI 


Figure  48.  Path-loss  versus  ran  30  product  derived  from  environment  of  figure  40. 
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LOCATION: 

San 

<f1n*) 

DATEz-TlME: 

07^ 

-1 100PDT 

AIRBRONE  RADAR 

SHADED  AREA  INDICATES  AREA  OF  DETECTION  OR  COMMUNICATION 


TYPE  OF  PLATFORM:  AIRBORNE 

TRANSMITTER  OR  RADAR  ANTENNA  HEIGHT:  9842  FEET 

FREQUENCY:  400  MHZ 

POLARIZATION:  HORIZONTAL 

FREE  SPACE  RANGES:  180  NAUTICAL  MILES 

ANTENNA  TYPE:  SINX^X 

VERTICAL  BEAM  UIDTH:  20  DEGREES 

ANTENNA  ELEVATION  ANGLE:  0  DEGREES 


Figure  49.  Radar  coverage  product  derived  from  envirorvDerrt  of  figue  39. 
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LOCRTIONi  S*n  Diego  <rciugh> 
DflTE/TIMEi  07--08/'87-l  100PDT 


SHADED  flREFI  INDICATES  AREA  OF  DETECTION  OR  COMMUNICATION 


TYPE  OF  PLATFORM:  AIRBORNE 

TRANSMITTER  OR  RADAR  ANTENNA  HEIGHT:  S842  FEET 

FREQUENCY:  400  MHZ 

POLARIZATION:  H0RI20HTAL 

FREE  SPACE  RANGES:  ISO  NAUTICAL  MILES 

ANTENNA  TYPE:  SINXX 

VERTICAL  BEAM  WIDTH:  20  DEGREES 

ANTENNA  ELEVATION  ANGLE:  0  DEGREES 


Figure  50.  Radar  coverage  product  derived  from  environment  of  figure  40. 
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A  final  consideration  is  the  question  of  data  reliability.  Large-scale  changes  of 
refractivity  with  height  are  easily  measured  and  can  be  convincingly  argued  to  exist. 
Even  small-scale  changes  of  refi*activity  can  be  measured  and  supported  with  meteor¬ 
ological  reasoning.  As  time  and  space  scales  decrease,  factors  other  than  meteoro¬ 
logical  become  more  significant,  however.  Some  small-scale  changes  in  refractivity 
may  be  caused  by  sensor  contamination,  faulty  instrument  construction  or  meilfunc- 
tions,  computational  errors  during  data  processing,  or  any  number  of  other  items. 

Not  only  do  these  data  fail  to  represent  the  true  nature  of  the  troposphere,  their 
inclusion  may  lead  to  a  tactical  decision  based  upon  erroneous  information. 

The  TESS/IREPS  operator  must  determine  what  environmental  data  are 
appropriate  and  what  data  are  inappropriate  given  its  intended  use.  As  shown  in  the 
above  illustrations,  for  the  purposes  of  electromagnetic  wave  propagation  as  modeled 
within  TESS/IREPS,  often  more  data  are  not  necessarily  better  data. 
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11.0  ENVIRONMENTAL  AND  SYSTEM  ASSESSMENT 

PRODUCTS 


At  the  time  of  this  publication,  there  are  10  environmental  or  system 
assessment  products  within  TESS  smd/or  IREPS.  These  are 

a.  Propagation  conditions  summary 

b.  Radar/radio  coverage 

c.  Radar/radio  path  loss 

d.  Stationing  for  airborne  early  warning  radars 

e.  Surface-search  radar  ranges 

f.  ESM  intercept  ranges 

g.  FLIR  performance  ran^s 

h.  ECM  effectiveness 

i.  Platform  vulnerability  assessment 

j.  Battlegroup  vulnerability  assessment 

The  products  consist  of  a  mixture  of  alphanumeric  labels  and  graphic  displays 
which  may  be  reproduced  upon  paper  or  within  an  electronic  briefing  package  for  dis¬ 
play  over  closed  circuit  television.  As  TESS/IREPS  undergoes  the  enhemcement  proc¬ 
ess,  the  display  format  of  a  particular  product  may  change.  Since  the  purpose  of  this 
document  is  to  improve  the  understanding  and  usability  of  an  assessment  product, 
the  product  formats  illustrated  within  this  document  are  for  discussion  purposes  only 
and  are  not  meant  to  reflect  a  particular  edition  of  TESS/IREPS. 

11.1  PROPAGATION  CONDITION  SUMMARY 

Figure  51  shows  an  example  of  a  propagation  conditions  summary.  This  prod¬ 
uct  is  used  to  show  the  existing  refractive  conditions  for  the  location  and  time  of  the 
environmental  data  set  selected.  In  addition,  the  summary  gives  a  plain-language 
narrative  assessment  of  what  effects  may  be  expected  on  an  electromagnetic  system- 
independent  basis. 

The  summary  shows  refractivity  in  N-units  and  modified  refractivity  in 
M-units  as  a  function  of  altitude.  The  presence  and  vertical  extent  of  any  ducts  are 
shown  by  shaded  areas  on  a  vertical  bar  to  the  right  of  the  refractivity  profiles.  The 
quantities  of  wind  velocity  and  evaporation  duct  height  are  printed  numerically. 

Near  the  bottom  of  the  product  are  three  categories  labeled  SURFACE-TO- 
SURFACE,  SURFACE-TO-AIR,  and  AIR-TO-AIR  in  which  brief  statements  occur 
concerning  the  general  performance  of  electromagnetic  systems. 
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**♦*  PROPflGRTlON  CONDITIONS  SUtIMfiRY 
LOCftTIONi  X  MARKS  THf  SPOT 
DATE/TIMEi  HERE  AND  NON 

MINS  SPEED  5  knots  EVAPORATION  DUCT  HEIGHT-  30  f**t 

VISIBILITY  7  n«utic*1  mllss 


DUCTS 


REFRACTIVITY  MODIFIED  REFRACTIVITY 


N  UNITS  M  UNITS 

SURFACE-TO-SURFACE 

EXTENDED  RANGES  AT  ALL  FREQUENCIES 

SURFACE-TO-AIR 


EXTENDED 

RANGES 

FOR 

ALTITUDES 

UP  TO 

1,000 

FEET 

POSSIBLE 

NOLES 

FJR 

ALTITUDES 

ABOVE 

1,000 

FEET 

AIR-TO-AIR 

EXTENDED 

RANGES 

FOR 

ALTITUDES 

UP  TO 

1,000 

FEET 

EXTENDED 

RANGES 

FOR 

ALTITUDES 

BETUEEN 

3,  10S 

AND  5,000 

FEET 

POSSIBLE 

HOLES 

FOR 

ALTITUDES 

BETMEEN 

1,080 

AND  3,106 

FEET 

POSSIBLE 

HOLES 

FOR 

ALTITUDES 

ABOVE 

5,000 

FEET 

SURFACE  REFRACTIVITY:  330  —SET  SPS-48  TO  344 


Figure  61 .  Typical  propagation  conduction  summary. 
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The  propagation  condition  summary  may  be  used  by  the  environmentalist  to 
assess  the  reliability  of  the  input  data.  Rapid  fluctuations  in  refractivity  or  unusually 
sharp  gradients  in  refractivity  (outside  the  ranges  of  table  2),  both  of  which  may  be 
caused  by  environmental  input  errors  or  improper  environmental  assessment  meth' 
ods,  will  become  obvious  by  inspection  of  the  refractivity  profiles.  In  addition,  the 
refractivity  profiles  may  be  inspected  to  insure  meteorological  consistenQr.  For 
example,  if  a  Santa  Ana  condition  (section  4.2.4)  is  known  to  exist,  there  should  be  an 
indication  of  a  surface-based  duct  or  extended  performance  ranges  within  the  profiles 
or  narrative.  The  evaporation  duct  hei^t  should  be  inspected  for  errors  as  discussed 
within  section  10.1.  An  evaporation  duct  height  in  excess  of  30  meters  should  be 
immediately  suspect. 

Should  input  data  error  or  meteorological  inconsistency  be  indicated,  the 
TESS/IREPS  operator  should  inspect,  either  visually  or  with  the  use  of  a  thermo¬ 
dynamic  diagram  (section  10.2),  the  input  environmental  data  and  make  corrections 
or  adjustments  as  necessary. 

Once  the  refractive  profiles  are  assessed  to  be  accurate  or  meteorologically 
consistent,  the  summary  may  then  be  used  as  a  starting  point  in  determining  which 
of  the  other  assessment  products  should  be  executed  for  a  particular  electromagnetic 
system.  For  example,  should  the  AIR-TO-AIR  description  state  normal  detection 
ranges  are  expected,  it  would  not  be  necessary  to  produce  an  airborne  radar  coverage 
product  for  an  aircraft  at  multiple  altitudes,  since  a  single  coverage  product  will 
adequately  describe  the  performance.  Should  the  AIR-TO-AIR  description  indicate 
the  possibility  of  radar  holes,  however,  it  may  be  necessary  to  produce  several  air¬ 
borne  radar  coverage  products  to  illustrate  the  extent  of  coverage  degradation. 

A  second  example  could  be  an  indication  of  extended  detection  or  intercept 
ranges  for  electromagnetic  systems  above  a  certain  frequency.  A  series  of  path-loss 
products  for  a  whole  suite  of  emitters  may  be  reduced  to  one  or  two  path-loss  prod¬ 
ucts  for  only  the  affected  emitters.  Not  only  would  this  greatly  reduce  the  time  and 
manpower  efforts  needed  to  obtain  an  adequate  assessment,  it  would  simplify  a  pre¬ 
sentation  to  a  TESS/IREPS  customer,  thereby  reducing  the  chance  of  errors,  confu¬ 
sion,  or  misunderstandings. 
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12.0  RADAR/RADIO  COVERAGE  DISPLAY 


Figure  52  is  an  example  of  a  radar/radio  coverage  display  product  that  shows 
area  of  coverage  on  a  curved-earth,  range-versus  height  plot.  The  shaded  area  in  the 
display  corresponds  to  an  area  of  expected  detection  or  communication  for  the  speci¬ 
fied  electromagnetic  system.  Multiple  shading  densities  may  be  employed  with  vari¬ 
ous  densities  corresponding  to  variables  such  as  target  radar  cross  section,  probabil¬ 
ity  of  detection,  transmitter  power,  etc. 

For  airborne  systems,  figure  53,  only  one  shading  is  employed,  and  the  degree 
of  shading  has  no  relationship  to  the  signal  level  expected  at  a  point.  The  lines  (or 
rays),  which  are  drawn  on  a  dot-matrix  display,  often  show  some  patterns  or  distinct 
lines  within  the  contour.  These  cje  called  moire  patterns  and  result  from  the  digital 
nature  of  the  display.  The  ray  drawing  technique  minimizes  the  number  of  rays 
plotted  to  limit  the  amount  of  time  it  takes  to  produce  an  airborne  system  coverage 
display,  and  the  ray  spacing  gives  rise  to  the  moire  patterns. 

In  addition  to  the  basic  coverage  display  plot,  this  product  also  includes  locat¬ 
ion  and  time  labels  for  the  environmental  data  set  and  a  numeric  listing  of  system 
parameters  used  in  the  generation  of  the  product. 

It  is  not  the  intent  of  the  coverage  model  to  calculate  the  maximum  range  for 
a  given  system  but  rather  to  show  the  relative  performance  at  different  altitudes  as 
affected  by  the  environment.  It  is  up  to  the  user  to  insure  the  free-space  ranges  being 
used  are  appropriate  for  the  application  at  hand. 

In  addition  to  the  various  limitations  of  TESS/IREPS  as  discussed  earlier,  i.e., 
horizontal  homogeneity,  frequency,  atmospheric  absorption,  antenna  height,  and 
layer  height  relationship,  etc.,  the  coverage  product  for  an  airborne  system  does  not 
include  sea-reflected  interference  effects  (section  4.2)  which  could  cause  both  reduced 
and  enhanced  coverage  for  low  flying  radar  or  target  aircraft.  The  surface  coverage 
display  does  account  for  sea-reflected  interference  effects.  To  distinguish  between  the 
two  methods  of  calculations,  the  antenna  height  for  surface-based  systems  is  limited 
to  between  1  and  100  meters.  The  antenna  height  for  airborne  systems  is  limited  to 
the  maximum  hei^t  of  the  coverage  display.  Only  the  maximum  range  within  each 
lobe  of  the  interference  region  is  plotted  when  the  spacing  between  lobes  becomes 
veiy  close. 

If  a  maximum  unambiguous  range  has  been  specified  among  the  system  pa¬ 
rameters,  the  coverage  display  will  be  terminated  at  this  range.  This  ramge  cut-off 
may  be  seen  in  figure  53. 
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The  product  user  should  be  reminded  about  the  visual  distortion  of  the 
display  caused  by  the  inconsistent  height  and  range  units.  The  interference  lobe 
pattern  occurs  only  in  the  first  couple  of  degrees  above  the  horizontal. 


LOCflTIOKi  X  MARKS  THE  SPOT 

date/timei  here  and  HOU 


20eMH2  SFC  OMNI 


USER  OPTIONAL  LABEL  LINE  NUMBER  ONE 
USER  OPTIONAL  LABEL  LINE  NUMBER  TWO 


SHADED  AREA  INDICATES  AREA  OF  DETECTION  OR  COMMUNICATION 


TYPE  OF  PLATFORM:  SURFACE 

TRANSMITTER  OR  RADAR  ANTENNA  HEIGHT:  100  FEET 
FREQUENCY:  200  MHZ 

POLARIZATION:  HORIZONTAL 

free  SPACE  RANGES:  25  50  75  100  NAUTICAL  MILES 

antenna  TYPE:  OMNI 


Figure  52.  Typical  coverage  display  for  a  surface-based  electromagnetic  system. 


90 


91 


The  primary  use  of  the  coverage  display  is  for 

a.  Long-range  air-search  radars,  surface-based  or  airborne 

b.  Surface-search  radars  when  employed  against  low-flying  air  targets 

c.  Surface-to-air  or  air-to-air  communications. 

12.1  USE  FOR  AIRCRAFT  STATIONING 

12.1.1  Attack  Aircraft 

The  standard  procedure  for  attack  aircraft  in  penetrating  an  enemy  target’s 
defenses  is  to  fly  as  low  as  possible  to  remain  "beneath  the  radar  coverage.”  This  is 
valid  during  nonducting  conditions.  For  surface-based  ducting  conditions,  however, 
the  enemy  is  given  a  greater  detection  range  capability  for  targets  flying  within  the 
duct  than  for  a  target  at  higher  altitudes.  Knowledge  of  the  existence  and  height  of  a 
surface-based  duct  would  enable  the  strike  group  or  aircraft  commander  to  select  the 
optimum  altitude  for  penetration.  This  would  be  just  above  the  top  of  the  duct, 
where  less  enemy  radar  energy  exists  for  detection  of  targets.  A  standard  atmosphere 
condition  is  illustrated  in  Hgure  54,  and  a  surface-based  duct  condition  is  illustrated 
in  figure  55. 


Figure  64.  Stationing  of  siitack  aircraft  without  a  surface-based  duct. 
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Figure  55.  Stationing  of  attack  aircraft  with  a  surface-based  duct. 


While  it  would  also  be  possible  to  avoid  detection  by  flying  down  one  of  the 
interference  nulls,  the  changing  height  versus  range  profile  would  be  more  difficult 
to  fly  and,  if  the  aircraft  were  off  course  or  the  null  pattern  changed  somewhat  due  to 
ship  roll,  detection  would  occur.  In  addition,  ships  usually  have  several  radars,  each 
operating  at  a  different  frequency.  The  lobe  structure  of  the  second  radar  will  usually 
fill  in  the  null  structure  of  the  first  radar,  thereby  increasing  the  likelihood  that  this 
maneuver  will  be  unsuccessful. 

12.1.2  ECM  Aircraft 

lu  a  manner  similar  to  that  described  above,  an  ECM  aircraft  can  adjust  its 
position  to  maximize  the  effectiveness  of  its  jammeis  by  using  the  coverage  display. 

By  flying  within  a  duct  or  lobe,  the  aircraft  will  be  more  easily  detected  but  at  the 
same  time,  its  jamming  effects  will  be  greatly  enhanced  and  its  sta::doff  range  will  be 
greatly  extended,  as  illustrated  in  figures  54  and  55. 

Figure  56(a)  illustrates  the  jamming  effects  upon  a  radar’s  visual  display  when 
the  jamming  aircraft  is  flying  at  an  altitude  with  a  direct  line  of  sight  to  the  victim 
radrr  but  greatly  above  a  surface-based  duct.  Figure  56(b)  illustrates  the  jamming 
effects  upon  a  radar’s  visual  display  when  the  jamming  aircraft’s  altitude  is  within 
the  surface-based  duct,  even  though  the  range  to  the  victim  radar  is  greatly  over  the 
horizon.  Since  most  airborne  ECM  systems  have  a  slight  downward  look  angle,  it 
may  be  necessary  for  the  aircraft  to  fly  a  high  an^^e  of  attack  to  optimize  the  coupling 
of  energy  into  the  duct. 
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12.1.3  Early  Warning  or  Reconnaissance  Aircraft 

By  using  the  proper  coverage  display,  the  optimum  altitude  for  AEW  aircraft 
can  bo  determined  which  will  minimize  the  effects  of  radar  holes  created  by  elexmted 
ducts.  Figure  57  illustrates  the  effect  of  stationing  a  typical  AEW  aircraft  within  an 
elevated  duct.  The  aircraft  will  experience  greatly  extended  detection  ranges  at  all 
altitudes  within  the  duct  but  at  the  expense  of  a  rndeu*  "hole*  or  shadow  zone  above 
the  duct. 

For  flgu.  e  58,  the  aircraft  has  increased  its  elevation  to  the  top  of  the  duct.  It 
is  seen  that  the  region  of  extended  range  is  gone  and  the  shadow  zone  has  widened 
and  drawn  closer  to  the  aircraft.  Positioning  a  surveillance  aircraft  at  the  top  of  a 
duct  will  result  in  the  largest  possible  degradation  to  radar  coverage.  As  the  aircraft 
altitude  increases  above  the  duct,  the  shadow  zone  will  again  narrow  and  begin  at 
increasing  ranges  from  the  aircraft,  as  illustrated  in  figure  59. 

In  figure  60,  the  aircraft  has  reduced  its  altitude  to  below  the  duct.  While 
extended  ranges  are  not  experienced  in  this  case,  a  radar  shadow  zone  is  also  not 
experienced. 

The  guideline  for  positioning  a  surveillance  aircraft  in  relation  to  an  elevated 
duct  is,  therefore,  fly  as  hi^  above  the  duct  as  possible  or  fly  anywhere  below  the 
duct,  consistent  with  other  mission  objectives  including  radar/conununication 
horizon,  fuel  usage,  height  assignments  by  traffic  control,  etc. 

12.2  USE  FOR  COMMUNICATIONS 

A  direct  tactical  application  of  the  knowledge  of  the  presence  of  surface-based 
ducting  conditions  to  communications  procedures  is  found  in  an  ASW  helicopter 
engaged  in  dipping  sonar  operations  beyond  the  horizon.  If  ducting  conditions  are 
present,  the  ASW  helicopter  can  maintain  both  ASW  surveillance  and  communica¬ 
tions  far  beyond  the  normal  radio  horizon.  If  no  surface-based  duct  exists,  he  must 
raise  his  sonar  and  increase  altitude  until  he  is  within  the  horizon. 

Figure  61  illustrates  a  coverage  display  for  a  communications  system  operat¬ 
ing  under  standard  atmosphere  condition.  Here,  the  aircraft  would  have  to  be  at  an 
altitude  of  1000  feet  in  order  to  communicate  at  a  range  of  48  nmi  on  a  frequency  of 
350  MHz.  Figure  62  represents  a  surface-based  duct  condition.  Here,  the  aircraft 
may  be  at  any  altitude  to  communicate  at  48  nmi. 
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Rgurv  66.  Examples  of  radar  visual  display  units  in  the  presence  of  jamming;  (a)  jamming  aircraft  above  a 
surtace-based  duct,  and  (b|  jamming  aircraft  within  a  surface-based  duct. 


Figure  57.  Coverage  display  for  typical  AEW  radar  at  9.5-ktt  altitude 
with  200-nmi  free-space  detection  range  in  the  presence  of  a  9-  to 
10-kft  elevated  duct. 


Figure  58.  Coverage  display  for  typical  AEW  radar  at  lO-kfl  altitude 
with  200-nmi  free-space  detection  range  in  the  presence  of  a  9-  to 
10-kfl  elevated  duct. 


Figure  61 .  Standard  atmosphere  coverage  display  for  positioning  of 
ASW  aircraft. 


A  coverage  display  for  stirface-to-air  UHF  communications  can  show  the 
regions  in  space  where  communications  are  possible,  considering  the  effects  of  the 
interference  region.  This  knowledge  will  enable  the  aircraft  commander  to  determine 
his  flight  profile,  thereby  minimizing  regions  of  noncommunications. 

12.3  USE  FOR  HARDWARE  PERFORMANCE  ASSESSMENT 

An  operator  will  experience  days  when  detection  of  targets  over  the  radar 
horizon  is  possible  and  days  when  extended  detection  is  not  possible.  In  addition,  the 
operator  will  t  tperience  false  radar  targets  or  radar  “ghosts.”  Without  the  knowledge 
of  anomalous  propagation  conditions,  it  may  be  thought  that  decreased  detection 
ranges  are  indicative  of  hardware  problems.  Without  knowledge  of  the  interference 
patterns,  signal  fading  in  UHF  line-of-sight  communications  may  also  be  thought  of 
as  indicative  of  hardware  problems.  A  coverage  display  for  the  given  day  will  explain 
such  anomalies  and,  therefore,  preclude  unnecessary  maintenance  calls. 
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Figure  62.  Surface-based  duct  atmosphere  coverage  display  for 
positioning  of  ASW  aircraft. 

The  coverage  display  may  also  be  used  to  provide  a  standard  for  optimum 
performance  under  nonducting  conditions.  Decreased  detection  or  communications 
ranges  from  the  standard  may,  therefore,  be  a  true  indication  of  hardware  problems. 

12.4  USE  WITH  FIRE-CONTROL  RADARS 

The  very  nature  of  fire-control  radars  dictates  an  antenna  which  trains  both 
in  azimuth  and  elevation.  The  coverage  for  an  antenna  aimed  at  the  horizon  will  not 
be  the  same  as  the  coverage  for  an  antenna  when  aimed  aloft.  The  coverage  display 
is  designed  to  show  coverage  of  a  radar  with  a  fixed  antenna  elevation  angle. 

If  the  fire-control  radar  is  employed  in  a  search  or  track  mode  at  a  single 
elevation  angle,  such  as  may  be  the  case  of  a  horizon  search  for  low-flying  missile 
targets,  the  coverage  display  will  produce  an  accurate  representation  of  the  actual 
radar  coverage.  It  must  be  understood,  however,  that  once  the  elevation  angle 
changes,  the  existing  coverage  display  is  no  longer  valid  and  coverage  must  be 
recomputed  based  upon  the  new  elevation  angle. 

Another  way  to  treat  the  variable  antenna  elevation  angle  problem  for  surface- 
based  fire-control  radars  is  to  specify  the  radar  as  a  “height-finder”  radeu*.  In  this 
case,  the  elevation  angle  would  be  fixed  at  the  horizon  and  the  vertical  beamwidth  of 
the  “height-finder”  radar  would  be  the  angle  covered  by  the  radar’s  vertical  search  or 
track  pattern.  It  must  be  understood  that  the  coverage  indicated  at  a  particular 
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heig^t/range  combination  will  exist  only  when  the  antenna  is  aimed  at  the  appro¬ 
priate  elevation  emgle.  Or  in  other  words,  the  coverage  displayed  is  a  composite 
coverage,  not  em  instantaneous  coverage.  If  the  fire-control  radar  is  airborne,  such  as 
an  F-14  stationed  in  advance  of  an  E-2C,  and  the  radar  is  being  used  in  a  search 
mode,  the  antenna  would  be  specified  in  the  normal  fashion  but  the  vertical  beam 
width  would  be  the  an^e  covered  by  the  radar’s  vertical  search.  Again,  the  coverage 
indicated  is  a  composite  coverage,  not  an  instantaneous  coverage. 

In  addition  to  the  consideration  for  antenna  elevation  angle,  the  amount  of 
energy  directed  towai'd  the  target  must  also  be  taken  into  account.  This  is  accom¬ 
plished  through  the  use  of  a  proper  free-space  range.  The  best  method  of  determining 
a  free-space  detection  range  is  by  actual  observation.  Lacking  this  a  priori  know¬ 
ledge,  however,  the  range  may  be  calculated  from  certain  estimations  as  discussed 
within  section  9.1.  Since  fire-control  radars  do  not  generally  scan  the  tsirget  with  a 
single  pulse  as  the  antenna  rotates,  the  fire-control  radar  must  again  be  treated  as  a 
height-  finder  radar  where  the  number  of  hits-per-scan  may  be  specified.  For  compli¬ 
cated  search  patterns,  the  number  of  hits-per-scan  must  be  estimated.  This  may  be 
accomplished  by  considering  how  may  pulses  are  applied  to  a  particular  area  emd  the 
percentage  of  that  area  occupied  by  the  target.  For  radars  with  variable  operating 
modes,  search  patterns,  and  pulse  rates,  realistic  estimations  for  free-space  range  cal¬ 
culations  may  be  impossible.  Often,  a  free-space  range  value  may  be  obtained  from 
the  system’s  operation  or  maintance  manuals. 

12.6  USE  WITH  TARGET  DETECTION  AND  IDENTIFICATION 

Identification  friend  or  foe  (IFF)  assessment  between  platforms  is  basically 
two  communications  (or  ESM  intercept)  considerations  applied  simultaneously.  In 
both  cases,  a  determination  of  the  free-space  intercept  range  of  both  platform’s 
receivers  must  be  made. 

To  illustrate  this  concept  in  a  tactical  application,  the  following  two  questions 
are  asked.  First,  “How  far  away  may  a  ship  expect  to  gain  radar  contact  with  an 
aircraft  target?”  Second,  “How  close  must  the  ship  allow  the  aircraft  to  approach 
before  it  can  be  identified?” 

These  two  questions  may  be  resolved  by  a  cedculation  of  the  fi'ee-space  radar, 
communication,  or  ESM  intercept  range  as  discussed  in  section  9.0.  For  the  aircraft 
detection  case,  equation  17  is  solved  in  the  normal  manner.  To  answer  the  identifi¬ 
cation  question,  two  considerations  are  made.  For  the  ship-to-aircraft  interrogation, 
equation  20  is  employed  using  the  ship  system’s  transmitted  power  and  frequency  and 
the  aircraft  system’s  receiver  sensitivity  and  antenna  gain.  For  the  aircraft-  to-ship 
response,  equation  20  is  employed  using  the  aircraft  system’s  transmitted  power  and 
frequency  and  the  ship  system’s  receiver  sensitivity  and  antenna  gain. 
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With  these  three  ranges,  a  coverage  display  may  be  produced  with  three  shad¬ 
ing  densities  such  as  illustrated  in  figure  63.  Depending  upon  the  sensitivity  of  the 
aircraft  and  ship  IFF  receivers,  the  area  enclosed  by  the  outer  contour  may  indicate 
where  the  aircraft  must  be  in  order  to  have  its  transponder  activated  by  the  ship  or 
where  the  aircraft  must  be  for  detection  by  the  ship.  Generally  these  two  ranges  will 
be  very  nearly  the  same.  The  area  enclos^  by  the  inner  contour  indicates  where  the 
aircraft  must  be  in  order  to  have  the  ship  receive  the  aircraft’s  signal.  The  area 
between  the  contours  represents  the  ranges  for  which  the  aircraft  is  transmitting  or 
is  detected  but  the  ship  is  unable  to  identify. 


Figure  63.  Coverage  display  illustrating  target  de  ^rnion  and 
identification. 

12.6  OTHER  USES 

With  careful  consideration  for  the  free-space  range  calculation  and  under¬ 
standing  the  nature  of  the  coverage  display,  its  use  may  be  extended  to  a  number  of 
interesting  applications.  For  example,  a  coverage  display  may  be  generated  showing 
the  coverage  of  a  particular  surface-based  air-search  radar  against  a  low  flying  air¬ 
craft.  In  addition  the  intercept  of  the  radar  by  the  aircraft’s  ESM  receiver  may  be 
superimposed,  thus  producing  a  display  of  ship  vulnerability  versus  target  acquisi¬ 
tion.  Figure  64  illustrates  this  concept.  The  area  within  the  inner  contour  of  the 
figure  represents  the  various  height  versus  range  combinations  where  the  ship  could 
expect  to  gain  radar  contact  of  the  airborne  target.  The  area  within  the  outer  con¬ 
tour  represents  the  height  versus  range  combinations  where  the  ship’s  radar  is  vul¬ 
nerable  to  ESM  intercept.  For  this  example,  a  standard  atmosphere  with  a  20-meter 
evaporation  duct  weis  selected.  Figure  64  shows  that  a  ship  should  be  able  to  detect  a 
low  flyer  with  an  altitude  of  600  feet,  at  a  range  of  48  nmi.  Figure  65  shows  the  same 
low  flyer  should  be  able  to  intercept  the  ship’s  radar  transmission  at  a  range  of 
approximately  200  nmi. 
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12.7  INAPPROPRIATE  USES 


12.7.1  Airborne  Surface-Search  Radars 

In  the  case  of  airborne  (and  surface-based)  surface-search  radars,  the  trans¬ 
mitted  energy  is  reflected  from  the  earth’s  surface.  While  most  of  this  reflected 
energy  will  be  directed  away  from  the  receiver,  a  portion  will  be  directed  back  toward 
the  receiver.  Radar  clutter  or  backscatter  is  the  term  used  to  describe  this  undesir¬ 
able  energy.  The  clutter  level  may  be  sufficient  to  lead  to  false  targets  or  overpower 
the  return  from  the  desired  target,  therein  leading  to  undetected  actual  targets.  Due 
to  the  complex  nature  of  the  reflecting  surface,  the  TESS/IREPS  model  does  not  con¬ 
sider  the  effect  of  sea-surface  (or  land)  clutter.  Therefore,  the  assessment  provided  by 
the  coverage  display  is  designed  for  use  with  targets  which  do  not  have  a  reflecting 
background,  or  in  others  words,  no  rad£ir  return  from  a  surface  other  than  the  target. 
For  this  reason,  the  coverage  display  is  inappropriate  for  an  airborne  surface-search 
radar.  With  the  proper  considerations,  the  path-loss  display  discussed  in  section  13.0 
may  be  used  to  assess  the  performance  of  these  radar  types. 

A  second  consideration  which  makes  the  display  inappropriate  for  an  airborne 
surface-search  radar  is  the  very  nature  of  the  display  design.  Recall  that  the  display 
is  designed  as  a  height  versus  range  depiction  of  airborne  targets  by  a  surface-based 
radar.  Since  surface  argets  are  not  expected  to  occur  at  a  height  above  the  surfa(;e,  a 
height  display  does  not  make  sense. 

12.7.2  Surface-Based  Surface-Search  Radars 

For  a  surface-based  surface-search  radeu*,  a  m^jor  consideration  in  perform¬ 
ance  assessment  is  the  target’s  radar  cross  section.  As  explained  in  section  6.0,  the 
target’s  radar  cross  section  is  a  function  of  the  target’s  shape.  Large,  flat,  smooth 
surfaces  may  reflect  a  large  amount  of  energy,  but  the  scattering  will  be  primarily  in 
one  direction.  Smaller,  more  angular  surfaces  may  not  reflect  as  much  energy,  but 
the  area  over  which  the  energy  is  scattered  may  be  very  large  indeed.  It  has  been 
shown  that  the  msgor  energy  return  from  a  ship  target  is  not  from  its  smooth,  large 
hull  but  from  its  superstructure  with  its  highly  angled  and  complicated  structure.  In 
addition,  for  a  very  large  target,  the  radar  cross  section  also  becomes  a  function  of 
viewing  angle.  For  these  reasons,  the  radar  cross  section  of  a  ship  must  be  a  com¬ 
posite  of  many  reflectors,  or  as  stated  earlier,  the  ship  must  be  considered  a  distri¬ 
buted  target. 

The  assessment  models  employed  in  generating  a  coverage  display  make  the 
assumption  that  the  target  is  a  point  source  target,  independent  of  viewing  angle  and 
composed  of  only  a  single  reflecting  surface.  While  surface-search  radars  may  be 
employed  for  detection  of  low  flying  targets  such  as  a  missile  or  aircraft,  their  megor 
mission  is  for  the  detection  of  ship  traffic.  The  coverage  display  is  appropriate  for  a 
surface-search  radar’s  coverage  against  a  small  point  source  target  such  as  a  missile. 
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but  the  coverage  display  is  not  appropriate  for  assessing  the  detection  of  ships  or 
other  large  targets  and  should  not  be  used  in  this  capacity.  With  the  proper  con¬ 
siderations,  the  path-loss  display  discussed  in  section  13.0  or  the  surface-search  range 
tables  discussed  in  section  15.0  may  be  used  co  assess  the  performance  of  this  radar 
type. 
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13.0  PATH-LOSS  VERSUS  RANGE  DISPLAY 


The  path-loss  versus  range  display,  as  illustrated  by  figure  66,  shows  the 
energy  loss  along  a  path  parallel  to  the  earth’s  surface  due  to  spreading,  difiraction, 
scattering,  and  anomalous  propagation.  The  horizontal  dashed  line  represents  an 
energy  level,  or  threshold,  necessaiy  for  radar  detection,  radio  communication,  ESM 
intercept,  or  other  electromagnetic  system  function.  The  function  is  possible  at  all 
ranges  with  a  path  loss  above  the  threshold  (lower  path  loss).  The  function  is  not 
possible  or  improbable  at  all  ranges  with  a  path  loss  below  the  threshold  (higher  path 
loss).  As  with  the  coverage  display,  up  to  four  threshold  values  (one  for  airborne 
systems)  may  be  employed  upon  one  path-loss  display,  with  each  threshold  represent¬ 
ing  a  different  receiver  sensitivity,  transmitter  power,  probability  of  detection,  target 
radar  cross  section,  etc. 


LOC6TION1  San  Ditgcp 
DATC/Tinet  07.'0d''d.*’U00^DT 

200nH2  SFC  OHMl 


USER  OFTIOHAL  LliEEt  LINF  NUniiER  OllC 
USER  OPTIOHRL  LrIBCL  LIME  NUMBER  TWO 

HORIZONTAL  SASHEll  LINES  INOKATE  BETCCTIOM*  COHhUH  I  ChT  I  Ut< ,  OR 
INTERCEPT  THRESKOLOS. 


TYPE  OF  PLATFORM!  SURFACE 

TRANSMITTER  OR  RADAR  ANTENNA  HEICHTi  lOO  FEET 
RECEIVER  OR  TARGET  HElCHTi  ->042  FEET 
FREQUENCY  I  200  MHZ 
POLARIZATIONi  HORIZONTAL 

FREE  SPACE  RAHCESt  29  90  79  100  NAUTICAL  MILES 

ANTENNA  TYPEi  OMNI 


Figure  66.  Example  of  path-loss  versus  range  display. 


The  same  model  limitations  of  atmospheric  absorption,  system  frequency, 
horizontal  homogeneity,  etc.,  as  outlined  in  the  coverage  display  (section  12.0)  also 
apply  to  the  path-loss  display. 
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The  use  of  the  path-loss  display  is  appropriate  in  every  situation  where  a 
coverage  display  may  be  employed.  In  fact,  the  path-loss  versus  range  display  may  be 
thought  of  as  a  horizontal  slice  of  a  coverage  display.  Figure  67  illustrates  a  path- 
loss  versus  range  display  (for  an  aircraft  target  at  20,000  feet)  and  the  corresponding 
coverage  display  for  a  typical  surface-based,  omnidirectional  radiating  antenna  at  a 
UHF  frequenQT.  The  free-space  range  of  the  coverage  display  has  been  converted  into 
a  free-space  path-loss  threshold  using  the  relationships  of  section  9.0.  Tho  points  A 
through  E  on  the  coverage  display  correspond  to  the  points  A  through  E  on  the 
path-loss  display,  illustrating  the  interference  pattern  created  hy  the  phase  difference 
of  direct  path  and  sea-surface  reflected  waves.  The  shaded  lobes  of  the  coverage 
display  are  represented  hy  the  portion  of  the  path-loss  curve  above  the  path-loss 
threshold.  The  unshaded  nulls  of  the  coverage  display  are  represented  hy  the  portion 
of  the  path-loss  curve  below  the  path-loss  threshold. 

Note  the  aircraft  symbols  of  figure  67  ai  e  both  at  a  range  of  approximately 
185  nmi  from  the  transmitter.  From  the  coverage  display,  the  aircraft  will  be  unde¬ 
tected  since  it  is  at  a  range  R  (approximately  40  nmi)  from  a  lobe  (maximum)  in  the 
interference  pattern.  This  range  corresponds  to  the  signal  strength  difference  AS 
(approximately  22  dB)  of  the  path-loss  display,  whf're  AS  is  the  difference  between 
the  minimum  signal  strength  necessary  for  detection  and  the  actual  signal  strength  at 
the  target. 

The  simplification  of  graphics  drawing  by  TESS/IREPS  is  also  seen  within 
figure  67,  Note  that  within  the  coverage  display,  the  interference  pattern  detail  is 
smoothed  beginning  at  the  fourth  lobe.  That  is,  no  further  lobes  or  nulls  are  shown. 
Within  the  path-loss  display,  however,  details  of  two  additional  lobes  and  nulls  are 
shown.  Beyond  the  sixth  lobe  of  the  path  loss  display,  only  the  level  of  minimum 
path  loss  is  shown  (the  dots  associated  with  the  letter  M).  As  the  range  scale  of  the 
path  loss  display  changes,  the  number  of  lobes  plotted  will  change.  The  operator  must 
be  aware,  therefore,  that  even  though  the  shown  path-loss  curve  is  below  the  mini¬ 
mum  path  loss,  signal  fading  may  still  be  possible. 

In  a  limited  number  of  cases,  the  path-loss  display  may  be  used  to  assess 
systems  inappropriate  to  the  coverage  display.  The  path-loss  display  assumes  a  point 
source  target.  While  a  large  shJp  target  is  a  distributed  target,  a  careful  considera¬ 
tion  of  its  radar  cross  section  will  allow  for  a  point  source  representation.  By  proper 
assessment  of  the  target’s  radar  cross  section,  a  specification  of  both  radar  and  target 
height,  and  a  recognition  'f  propagation  path  reciprocity,  the  path-loss  display  may 
be  used  to  assess  airborne  surface-search  radar  and  surface-based  surface-search 
radar  performance  against  large  surface  targets. 
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13.1  USE  FOR  SURFACE-TO-SURPACE  COMMUNICATIONS 


The  knowledge  of  the  presence  or  absence  of  surface-based  ducting  conditions 
gives  a  conunander  a  greater  flexibility  in  deciding  the  disposition  of  task  force  units. 
For  example,  if  the  task  force  commander  wishes  to  utilize  a  widely  dispersed  forma¬ 
tion,  yet  maintain  UHF  communications  among  units,  he  may  do  so  under  surface 
ducting  conditions  without  the  necessity  of  a  middleman  relay.  Presence  of  surface- 
based  ducting  also  provides  the  possibility  of  UHF  backup  to  over-the-horizon  HF 
communications.  This  situation  is  identical  to  the  example  associated  with  figure  88. 
Note  from  figure  88,  the  ASW  screening  ship  is  approximately  170  nmi  from  the 
nearest  ship  in  the  battle  group  formation.  A  path-loss  versus  range  display  of  UHF 
communications  for  this  example  under  standard  atmospheric  conditions  is  illus¬ 
trated  by  figure  68.  It  may  be  seen  that  UHF  communications  are  not  possible  since 
the  amount  of  energy  needed  is  50  dB  more  than  is  actually  present  at  the  range  of 
170  nmi. 

Under  surface-based  du'  ting  conditions  however,  as  illustrated  1  v  figure  69, 
surface-to-surface  UHF  communications  would  be  possible  between  the  screen  ASW 
ship  and  the  battle  group.  In  this  case,  the  amount  of  energy  available  is  approx¬ 
imately  8  dB  above  that  required. 

Since  extended  ranges  for  communications  also  mean  extended  ranges  for 
ESM  intercept,  it  would  be  prudent  to  weigh  the  benefits  of  a  greatly  increased 
communications  range  against  the  much  greater  increase  in  the  range  a  potential 
enemy  gains  in  detection  of  the  radiation.  For  example,  low-power  radiation  sources, 
such  as  flight  deck  communications  (Mickey  Mouse)  systems,  have  been  intercepted 
at  ranges  far  greater  than  the  horizon  during  ducting  conditions.  Even  without  the 
presence  of  a  surface-based  duct,  the  evaporation  duct  will  allow  greatly  extended 
intercept  ranges,  often  hundreds  of  miles.  In  nature,  however,  the  assumption  of 
horizontal  homogeneity  discussed  in  section  10.7  is  questionable  over  these  great 
ranges.  The  TESS/IREPS  operator  is  cautioned  to  consider  the  air  mass  relation¬ 
ships  when  confronted  with  extremely  long  intercept  or  detection  ranges. 

13.2  USE  FOR  ESM  RANGE  DETERMINATION 


A  rough  estimate  of  over-the-horizon  ranges  to  surface  ESM  contacts  can  be 
determined  by  comparing  the  range  of  a  surface-based  surface-search  radar  to  the 
range  of  an  ESM  intercept.  If  the  ESM  contact  cannot  be  seen  on  the  surface-search 
radar,  then  it  is  a  fair  conclusion  that  its  actual  range  is  between  the  ranges  for 
surface  radar  detection  and  ESM  intercept.  This  range  “bracket”  could  be  used  for 
bearing-only  missile  launches  or  could  be  used  in  conjunction  with  other  information 
to  further  localize  the  contact.  Figure  70  illustrates  the  path-loss  display  for  this 
situation. 
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Hgur«  68.  Path-loss  versus  range  display  for  surface-to-surface  UHF 
communications  under  standard  atmospheric  conditions. 


Figure  69.  Path-ioss  versus  range  dispiay  for  surface-to-surface 
UHF  communications  under  surface-based  ducting  conditions. 
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Figure  70.  Determination  of  surface-based  contact  range  using  the  path-ioss 
versus  range  display. 

13.3  USE  FOR  ESM  VULNERABILITY 

.  As  discussed  above,  an  extension  of  detection  or  commuitication  range  also 
means  an  extension  of  ESM  intercept  range.  The  path-loss  versus  -ange  display  may 
be  used  to  graphically  illustrate  a  transmitter’s  vulnerability  to  ESM  intercept. 
Consider  the  following  example.  Figure  71  could  represent  a  radiation  pattern  for  a 
Sin(x)/x  antenna  of  a  “pencil  beam”  directed  communications  system,  a  system 
thought  to  be  hig^y  covert.  For  this  example,  the  antenna  main  beam  has  a  width  of 
3  degrees  and  a  gain  of  34  dB.  The  first  side  lobe  is  centered  at  15  degrees  from  the 
axis  of  symmetry  and  is  12  dB  down  from  the  main  beam.  A  second  side  lobe  is 
centered  at  30  degrees  from  the  axis  of  symmetry  and  is  18  dB  down  from  the  main 
be6un.  In  addition,  there  is  a  back  lobe  22  dB  down  from  the  main  beam.  Assume  the 
transmitter  is  radiating  a  power  of  30  watts  at  a  frequency  of  200  MHz. 

To  assess  the  vulnerability  of  this  system,  it  may  be  broken  into  four  separate 
systems.  The  first  system  has  a  horizontal  beamwidth  of  3  degrees  and  an  antenna 
gain  of  34  dB;  the  second,  a  beamwidth  of  30  degrees  and  a  gain  of  22  dB;  and  the 
third,  a  beamwidth  of  60  degrees  and  a  gain  of  16  dB.  The  fourth  system  has  a 
horizontal  beamwidth  of  180  degrees  and  a  gain  of  12  dB.  Intelligence  sources 
indicate  a  surface-based  ESM  receiver  capable  of  a  200-MHz  intercept,  with  a 
sensitivity  of  -90  dBm,  is  operating  in  the  vicinity. 
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Figure  71 .  Example  antenna  radiation  pattern  for  a  Sin(x)/x  antenna. 


By  using  the  ESM  intercept  range  utility  program  of  TESS/IREPS  or  the 
relationships  of  section  9.2,  four  intercept  thresholds  are  determined  and  plotted  on  a 
path-loss  versus  range  display.  Figure  72  illustrates  the  vulnerability  for  standard 
refractive  conditions. 

From  figure  72,  it  is  readily  seen  that  the  example  ESM  receiver,  located  any¬ 
where  within  the  main  beam  of  the  antenna,  would  be  able  to  intercept  the  signal  at 
a  range  of  98  nautical  miles.  If  the  receiver  were  located  anywhere  within  a  30- 
degree  arc  of  the  axis  of  symmetry,  the  signed  would  be  intercepted  at  a  range  of  62 
nautical  miles.  If  the  receiver  were  located  anywhere  within  a  60-degree  arc  about 
the  axis  of  symmetry,  the  signal  would  be  intercepted  at  a  range  of  56  nautical  miles. 
If  the  receiver  were  within  a  range  of  50  nautical  miles  of  the  transmitter,  the  signal 
would  be  intercepted,  even  if  the  receiver  were  directly  behind  the  transmitter.  The 
£u*ea  of  vulnerability  on  a  geogi  aphical  plot  is  illustrated  in  figure  73. 
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Figure  74  illustrates  the  vulnerability  to  ESM  intercept  of  the  communica¬ 
tions  Intern  under  conditions  of  a  1000-foot  surface-based  duct.  It  is  easily  seen  that 
an  intercept  can  be  achieved  at  ranges  in  excess  of  200  nautical  miles,  no  matter 
where  the  ESM  receiver  is  located  relative  to  the  transmitter.  What,  at  first  glance, 
appears  to  be  a  hi£^y  directional,  narrow  beam,  low  power,  covert  communications 
^tem  is  in  reality  easily  intercepted.  It  must  be  remembered  that  as  the  frequency 
of  the  ^tem  increases,  the  evaporation  duct  will  play  a  larger  role  in  signal  propa¬ 
gation.  While  the  percent  of  occurrence  of  a  1000-foot  surface-based  duct  may  be 
fairly  low,  evaporation  ducting  conditions  occur  worldwide,  most  all  the  time. 

For  the  above  example,  only  intercept  in  the  horizontal  plane  was  considered. 
The  complete  vulnerability  of  the  system  must  also  include  the  vertical  beam  widths. 
Under  the  right  refractive  conditions  and  proper  geometries,  the  example  communica¬ 
tions  system  could  even  be  intercepted  by  a  satellite-borne  ESM  receiver. 
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Hgure  74.  Path-loss  versus  range  display  for  a  200-MHz  transmitter 
under  surfac&hased  ducting  conditions. 
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13.4  USE  FOR  HARDWARE  MAINTENANCE 

As  with  the  coverage  display,  the  path -loss  display  may  be  used  to  assess 
hardware  performance  by  serving  as  a  standav'd  for  performance.  If,  for  example,  the 
surface-search  radar  of  figure  70  were  to  lose  contact  of  an  outbound  surface  target  at 
a  range  of  approximately  22  nmi,  it  would  be  a  fair  conclusion  that  the  radar  was 
functioning  normally.  ^ 

Suppose  a  ship  has  entered  a  gunnery  exercise  range  where  the  range  control 
station  is  located  on  a  hill  peak  overlooking  the  range,  affording  the  gunfire  observer 
a  clear  view  of  the  entire  range.  The  ship  attempts  to  contact  the  range  controller 
via  UHF  radio  as  directed  by  range  check-in  procedures.  The  ship  is  unable  to  estab¬ 
lish  communications,  however.  While  the  ship  is  within  visual  range  of  the  station,  a 
quick  inspection  of  the  interference  null  pattern  reveals  the  ship/station  spacing  is 
such  that  the  ship  falls  within  a  null,  as  illustrated  in  figure  75.  In  this  case,  there  is 
most  likely  nothing  wrong  with  the  radio  transmitter  and  an  unnecessary  mainten¬ 
ance  call  may  be  avoided. 


Figure  75.  Platform  spacing  within  the  optical  interference  region  which 
would  degrade  UHF  communications. 
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13.5  USE  FOR  AIRBORNE  SURFACE-SEARCH  RADARS 


For  proper  use  of  the  path-loss  display  for  airborne  surface-search  radars,  an 
appropriate  free-space  range  must  be  determined  Use  of  the  radar  free-space  range 
utility  as  described  in  section  9.1  is  recommended.  The  target’s  radar  cross  section 
may  be  determined  from  equation  15.  The  targe’  '  •  s  used  by  NOSC  in  its  experi¬ 
mental  efforts  are  listed  in  table  4.  Many  publicatic  .  contain  the  tonnage  for 
specific  ships  ui  interest.  Although  the  tonnage  of  the  CV  and  the  OSA  are  outside 
the  bounds  of  valid  displacements  for  equation  15,  the  path-loss  calculations  appear 
to  be  reasonable  with  respect  to  the  other  combatants. 

Table  4.  Ship  types,  estimated  tonnage,  and  radar  cross-section  height. 


CV 

85360 

87 

CG 

10110 

39 

DD 

5000 

42 

FF 

3400 

30 

OSA 

210 

13 

Because  of  reciprocity,  an  air-to-surface  path  is  the  same  as  a  surface-to-air 
path.  Therefore,  to  insure  the  propagation  algorithms  used  to  consider  interference 
region  effects  are  employed,  the  airborne  radar  is  treated  as  if  it  were  a  surface-based 
radar.  (As  with  the  coverage  display,  interference  regions  effects  are  not  modeled 
within  the  path-loss  display  for  airborne  system.)  The  radar  antenna  height  that 
should  be  used  is  the  height  of  the  target.  For  this  case,  the  ship  is  the  target  and  its 
radsu*  cross  section  is  distributed  over  the  height  interval  from  the  waterline  to  the 
mast  top.  To  establish  a  single  target  height,  it  is  assumed  that  the  target’s  entire 
radar  cross  section  is  concentrated  at  a  point  approximately  one-third  the  way  up  the 
superstructure.  The  definition  of  superstructure  for  this  purpose  is  that  portion  of 
the  ship  above  the  main  deck  including  all  megor  antennas.  Figure  76  illustrates  this 
definition  using  a  Spruance-class  destroyer.  For  this  example,  the  target  height  for 
the  Spruance-c\ass  destroyer  would  be  approximately  53  feet. 
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Figure  76.  Determination  of  superstructure  height. 
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For  large  targets,  the  calculated  free-space  range  value  may  exceed  the  pro¬ 
gram  limits  on  entering  a  free-space  range.  If  this  is  the  case,  simply  use  the  cor¬ 
responding  path-loss  threshold  value. 

The  final  consideration  is  for  a  target  or  receiver  height.  In  this  case,  the  tar¬ 
get  or  receiver  height  is  the  expected  aircraft  altitude.  Several  path-loss  displays  may 
be  generated  for  different  aircraft  altitudes  quite  quickly  in  this  manner,  providing  an 
appropriate  assessment  for  the  airborne  surface-search  radar.  Figure  77  illustrates 
the  path-loss  display  obtained  when  using  the  above  described  technique.  In  this 
example,  the  airborne  surface-search  radar  is  at  an  altitude  of  5000  feet  when  used 
for  the  detection  of  a  Spruance-class  surface  target.  As  can  be  seen,  the  expected 
detection  range  is  approximately  94  nmi. 

Antenna  elevation  angle  should  always  be  set  to  zero  in  this  application; 
alternatively,  antenna  type  could  be  selected  as  omni. 

It  should  be  noted  that  sea  clutter  degradation  of  detection  ranges  is  generally 
not  significant  for  combatant  size  targets.  However,  for  small  targets  such  as  peri¬ 
scopes,  sea  clutter,  which  is  not  accounted  for  the  the  TESS/IREPS  models,  may  be 
quite  significant.  For  small  targets  and  heavy  seas,  the  path-loss  display  will  be 
overly  optimistic  in  an  actual  detection  range. 

It  must  also  he  remembered  that  the  distributed  target  is  being  represented  as 
a  point  source  target.  This  assumption  is  valid  for  determining  the  greatest  range  of 
detection  but  it  is  increasingly  less  accurate  Vith  decreasing  range  as  the  target 
becomes  less  of  a  point  source. 

13.6  USE  FOR  SURFACE-BASED  SURFACE-SEARCH  RADARS 

Since  both  treinsmitter  and  target  are  located  at  the  surface,  interference 
region  effects  will  be  properly  modeled  and,  therefore,  it  is  not  necessary  to  reverse 
the  target  and  transmitter  locations  as  done  in  the  airborne  surface-search  case.  The 
target’s  height  and  radar  cross  section  will  still  have  to  be  estimated,  however,  using 
the  same  procedure  described  above. 

As  with  the  airborne  case,  appropriate  comments  about  the  mode  of  radar 
operation  and  determination  of  target  characteristics  should  be  included  within  the 
display  to  preclude  any  misconceptions  or  to  avoid  any  misunderstandings  concerning 
the  validity  of  the  assessment  products. 
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RADAR  IN  PENCIL-BEAM,  LONQ-PULSE  OPERATION 
THRESHOLDS  ARE  50%  AND  90%  POD  OF  A  SPRUANCE  CLASS 


HORIZONTRL  DRSHEO  LINES  INDtCRTE  DETECTION,  COHNUNICRTION,  OR 
INTERCEPT  THRESHOLDS. 


TYPE  OF  PLATFORM:  SURFACE 

TRANSMITTER  OR  RADAR  ANTENNA  HEIGHT:  53  FEET 

RECEIVER  OR  TARGET  HEIGHT:  5000  FEET 

FREQUENCY:  9000  MHZ 

POLARIZATION:  HORIZONTAL 

PATH  LOSS  THRESHOLDS:  171.3  172.1  DB 

ANTENNA  TYPE:  SINX/’X 

VERTICAL  BEAM  WIDTH:  3.6  DEGREES 

ANTENNA  ELEVATION  ANGLE;  0  DEGREES 

MAXIMUM  INSTRUMENTED  RANGE  IN  HM;  203 


Figure  77.  Example  of  path-loss  display  for  an  airborne  surface-search  radar  used 
for  detection  of  surface-ship  target. 
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14.0  AIRBORNE  EARLY  WARNING  (AEW)  AIRCRAFT 

STATIONING  AID 


The  AEW  aircraft  stationing  aid  is  designed  to  show  the  refractive  distortion 
of  normal  propagation  at  a  given  range  for  various  combinations  of  radar/transmitter 
and  target/receiver  altitudes.  Figure  45  is  an  example  of  the  AEW  aircraft  stationing 
aid  which  shows  the  distortion  at  a  range  of  150  nmi  on  a  hei^t-versus-height  plot. 
The  shaded  area  in  the  plot  corresponds  to  radar/transmitter  and  target/receiver 
altitude  combinations  for  which  detection,  communication,  intercept,  or  jamming 
may  occur,  depending  upon  the  electromagnetic  ^tern’s  characteristics.  The  fully 
shaded  squares  at  approximately  2500  to  3500  feet  indicate  the  radar/transmitter  and 
target/receiver  altitude  combinations  which  are  within  a  duct,  implying  multipath 
with  possible  signal  fading  in  addition  to  over-the-horizon  propagation  at  longer 
ranges.  Associated  with  the  trapping  layer  is  a  crescent-shaped  clear  area.  This  clear 
area  corresponds  to  altitude  combinations  which  occur  within  the  radar/radio  hole. 
The  Hi  ore  heavUy  shaded  area  along  the  lower  left  of  the  clear  area  indicates  multi- 
path  propagation  due  to  the  presence  of  the  trapping  layers.  The  clear  area  in  the 
extreme  lower  left  of  the  display  represents  those  altitude  combinations  which  are 
below  the  radar/radio  horizon.  The  bar  chart  to  the  right  of  the  display  indicates  the 
type  and  vertical  extent  of  anomalies  in  the  refractivity  profile;  ducting,  superrefrac¬ 
tion,  and  sub  refraction. 

The  propagation  model  used  in  the  generation  of  this  display  is  a  ^tem- 
indepe’  ;  raytrace  model.  Figure  78  illustrates  a  conventional  height-versus-range 
display  c.  dieted  with  the  technique  of  ray  tracing  and  the  corresponding  AEW 
stationing  1  display.  Points  “A”  and  “B”  demonstrate  the  relationship  between 
features  oi  noth  displays.  A  conventional  ray  tracing  model  does  not  include  an 
indication  of  signal  strength  along  the  ray  nor  any  signal  enhancement  or  degrada¬ 
tion  due  to  th  waves’  phase  at  ray  intersections.  Therefore,  multipath  interference 
is  implied  only  in  a  qualitative  sense.  Multipath  propagation  due  to  sea-surface 
reflection  is  :  considered  in  this  display. 

The  radar  hole  (area  “C”  of  figure  78)  associated  with  a  duct  is  the  only  true 
“hole”  in  ray  theory.  That  is,  there  is  no  ray,  excluding  surface-reflected  rays,  that 
can  be  traced  into  the  hole  region.  In  a  practical  sense,  the  energy  level  within  the 
hole  area  is  due  to  atmospheric  scattering  and  surface  reflection  (if  einy)  and  not  by 
direct  path  wave  propagation  into  the  au’ea. 

Superrefractive  and  subrefractive  layers  may  also  produce  what  appears  to  be 
a  “hole.”  Figures  79  and  80  are  ray  traces  with  a  superrefi’active  and  subrefractive 
layer  respectively  between  4500  and  5500  meters.  Area  “A”  of  each  figure  illustrates 
the  “hole”  area  created  by  these  layers.  While  the  “hole”  may  look  very  much  like  the 
hole  of  figure  78,  it  is  not  a  true  hole  because  a  ray  can  be  found  that  will  reach  any 
point  within  the  hole.  It  may  be  seen  (point  “B”  of  figures  79  and  80)  that  the 
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Figure  78.  Conventional  ray  trace  and  AEW  stationing  aid  for  an  elevated  trapping  layer. 
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Figur*  80.  Conventional  ray  trace  and  AEW  stationing  aid  for  an  elevated 
subrefractive  layer. 


121 


multipath  region  will  appear  below  the  hole  and  above  the  hole  for  superrefractive 
and  subrefractive  layers  respectively.  In  a  practical  sense,  the  energy  level  within  the 
hole  area  will  also  have  less  energy  than  normal  but  more  energy  than  accounted  for 
by  scattering. 

14.1  AIRCRAFT  STATIONINO  AID  USES 

The  primaiy  use  of  the  AEW  stationing  aid  is  to  assist  in  the  optimum 
placement  of  early  warning  aircraft.  For  example,  if  the  AEW  aircraft  were  to  be 
placed  at  an  altitude  of  22,500  feet,  figure  45  indicates  that  its  radar  would  have 
coverage  fiom  the  surface  to  an  altitude  of  25,000  feet  (at  a  range  of  150  nautical 
miles).  If,  however,  the  aircraft  was  placed  at  an  altitude  of  12,500  feet,  it  would 
have  good  coverage  from  the  surface  to  2500  feet,  no  coverage  between  2,500  and 
5,000  feet;  coverage  but  with  a  great  deal  of  signal  fading  between  5,000  and  10,000 
feet;  improbable  coverage  between  10,000  and  12,500  feet;  good  coverage  above 

12.500  feet;  and  again  at  a  range  of  150  nautical  miles. 

The  above  discussion  applies  equally  to  air-to-air  or  air-to-surface  communica¬ 
tion  or  jamming  activities.  For  example,  in  figure  45,  an  aircraft  at  7,500  feet  would 
be  unlikely  to  communicate  via  UHF  radio  with  a  surface  ship  150  nautical  miles 
away  because  the  ship  is  below  the  radio  horizon  of  the  aircraft.  Likewise,  a  januning 
aircraft  stationed  at  5,000  feet  would  be  unable  to  effectively  jam  an  aircraft  between 
the  altitudes  of  5,000  and  12,500  feet. 

An  aircraft  may  also  use  this  stationing  aid  to  avoid  detection  by  another  air¬ 
craft’s  radar  or  ESM  receiver.  If  for  example,  intelligence  sources  indicate  a  threat 
aircraft  will  be  approaching  at  an  altitude  of  10,000  feet,  an  aircraft  placed  between 

2.500  and  5,000  feet  or  between  12,500  and  15,000  feet  will  most  likely  avoid  being 
detected.  As  illustrated  in  figure  45,  it  should  be  noted  again  that  these  altitudes 
apply  for  aircraft  150  nautical  miles  apart.  A  series  of  these  stationing  aids  at  vary¬ 
ing  ranges  will  provide  a  good  representation  of  three  dimensional  assessment  for  an 
electromagnetic  system’s  performance. 


16.0  SURFACE-SEARCH  RADAR-RANGE  TABLE 


The  surface-search  radur-range  table  displays  a  detection  range  prediction  for 
an  operator-specified  surface-search  radar  against  a  list  of  pro-defined  surface  targets. 
Various  editions  of  TESS/IREPS  will  have  a  varying  number  of  target  classes  avail¬ 
able.  These  classes  place  a  reasonable  bound  upon  surface-based  targets  likely  to  be 
encountered  in  normal  operations.  >^ile  the  radar-range  table  model  integrates  over 
the  distributed  target  and  the  path-loss  model  assumes  a  point  source  target,  the 
table  detection  range  may  be  thought  of  as  the  range  at  which  the  path-loss  curve 
crosses  the  path-loss  threshold,  as  discussed  within  section  13.0  and  illustrated  by 
point  “A"  of  figure  11. 

The  physical  processes  in  calculating  a  detection  range  are  similar  to  that  of 
the  path-loss  versus  range  display  except  that  the  targets  are  now  distributed  targets 
rather  than  point  source  targets.  In  section  13.0,  a  simplification  to  a  distributed 
target  was  discussed  for  the  airborne  surface-search  application.  This  simplification 
was  to  assume  all  the  target’s  radar  cross  section  was  concentrated  at  one  particular 
height.  Within  the  surface-search  radar-range  table,  however,  an  actual  integration  of 
the  target’s  radar  cross  section  with  hei^t  is  employed. 

Since  in  daily  operation  it  would  be  time  consuming  and  cumbersome  to  pro¬ 
duce  a  separate  path-loss  versus  range  display  for  each  surface-search  radar  and  tar¬ 
get  combination,  the  surface-search  radar-range  table  has  been  designed  to  automate 
the  process.  The  TESS/IREPS  operator  need  only  specify  the  particular  surface- 
search  radar  of  interest.  The  path-loss/threshold  intercept  range  is  calculated  for 
each  target,  and  the  results  are  displayed  in  a  table  format.  Figure  81  illustrates  the 
format  of  the  surface-search  radar-range  table. 

Note  that  the  table  gives  a  minimum,  average,  and  maximum  detection  range. 
These  values  represent  the  extreme  variations  of  the  radar  cross  section  of  the  target 
with  viewing  aspect  (figure  22).  While  not  entirely  correct,  the  minimum,  average,  or 
maximum  detection  range  may  be  thought  of  as  a  detection  range  for  a  target  with  a 
bowXstern,  quarter,  and  beam  aspect  respectively.  The  calculation  algorithm  assumes 
a  fixed  number  of  decibels  increase  from  bow  to  beam.  Since  every  target  is  different, 
however,  the  TESS/IREPS  operator  should  understand  the  concept  of  radar  cross 
section  (section  6.1)  and  evaluate  the  validity  of  this  assumption. 

To  insure  consistency  with  reality,  the  detection  range  calculated  is  truncated 
at  the  maximum  instrumented  range  of  the  radar,  even  if  the  calculated  detection 
range  is  sufficiently  great  to  produce  multiple-time-around  echoes. 
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LOCATIONi  HERE 
DRTE/TIMEi  NOH 


SURFACE  SEARCH  RACARi  GENERIC  SFC-SEARCH 


DETECTION  RANGE  IN  NM  I 

TARGET 

MIN 

AVG 

MAX 

CV 

54.  1 

60.8 

73.  1 

CG 

46.6 

53.  1 

64.  1 

DD 

44.2 

50.6 

61.5 

FF 

42.0 

48.4 

59.2 

OSA 

31.1 

37.3 

47.7 

RADAR  ANTENNA  HEIGHTi  37  METERS 

FREQUENCYi  5000  MHZ 

POLARIZATION!  HORIZONTAL 

FREE  SPACE  RANGE:  185.32  KILOMETERS 

MAXIMUM  INSTRUMENTED  RANGE  IN  KM:  185.32 


Figure  81 .  Surface-search  radar-range  table  format. 


The  calculation  of  a  detection  range  for  a  distributed  target  is  computationally 
intensive.  Prior  to  the  availability  of  high-speed,  sophisticated  desktop  computers, 
surface-search  radar  detection  ranges  were  pre-calculated  over  a  range  of  evaporation 
duct  and  surface-based  duct  environments  and  stored  within  the  program  software  in 
a  table  lookup  format.  This  pre-calculation  effort  also  limited  the  number  of  surface- 
search  radars  available  to  only  two:  the  AN/SPS-10  and  the  AN/SPS-55.  With  the 
availability  of  higher  speed  desktop  computers,  radar  detection  ranges  may  now  be 
calculated  in  real  time,  and  the  restriction  of  two  radars  and  a  limited  number  of 
environments  has  been  overcome.  Some  older  versions  of  TESS/IREPS  may  still  be 
in  use,  however,  and  the  operator  should  understand  the  artificiality  of  this  restric¬ 
tion.  If  the  restriction  should  pose  a  problem,  a  single  path-loss  versus  remge  display 
may  be  generated  for  each  radar/target  combination  using  the  technique  as  discussed 
in  the  surface-based  surface-search  case  of  section  13.0. 
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16.C  ELECTRONIC  SUPPORT  MEASURES  (ESM) 
INTERCEPT-RANGE  TABLE 


The  convenience  of  multiple  path-loss  versus  range  calculations  being  dis¬ 
played  in  a  table  format,  such  as  in  the  surface-search  radar-range  table,  has  been 
extended  to  the  calculation  of  ESM  intercept  ranges.  The  ESM  intercept-range  table 
product  displays  the  maximum  intercept  ranges  of  an  operator  specified  emitter  by  an 
operator  specified  ESM  receiver.  This  maximum  intercept  range  corresponds  to  the 
intersection  of  the  path-loss  ciuve  and  the  path-loss  threshold  as  discussed  within 
section  13.0  and  illustrated  by  point  “A"  of  figure  11.  The  path-loss  threshold  in  this 
case  is  determined  by  equation  21.  Figure  82  illustrates  a  sample  format  for  the  ESM 
intercept-range  table.  In  addition  to  the  emitter’s  name,  its  nominal  frequency  is 
also  given. 

For  emittsr/receiver  combinations  not  shown  in  the  table,  the  path-loss 
display  may  be  used  as  discussed  in  section  13.3. 


ESM  RECEIVER:  GENERIC  RECEIVER 
EMITTER  CLASS:  TESS  TEST  SPEC 


EMITTER 

FREQ 

<MHz) 

MAXIMUM 
INTERCEPT 
RANGE  <niii> 

EMITTER 

FREQ 

<MHz> 

MAXIMUM 
INTERCEPT 
RANGE  (nm> 

ONE 

125 

31 

NINETEEN 

8000 

3 

TWO 

125 

55 

TWENTY 

8000 

8 

THREE 

125 

TWENTY-ONE 

8000 

69 

FOUR 

55 

TWENTY-TWO 

8000 

2 

FIVE 

66 

TWENTY-THREE 

8000 

13 

SIX 

7h 

TWENTY-FOUR 

8000 

18 

SEVEN 

125 

TWENTY-FIVE 

8000 

10 

EIGHT 

125 

79 

TWENTY-SIX 

8000 

22 

NINE 

125 

96 

TWENTY-SEVEN 

8000 

97 

TEN 

200 

5 

TWENTY-EIGHT 

15000 

5 

ELEVEN 

200 

32 

TWENTY-NINE 

15000 

1  1 

TWELVE 

200 

_ ±7 

THIRTY 

15000 

42 

THIRTEEN 

200 

THIRTY-ONE 

15000 

5 

FOURTEEN 

200 

THIRTH-TWO 

15000 

15 

FIFTEEN 

200 

THIRTY-THREE 

15000 

250+ 

SIXTEEN 

200 

11 

THIRTY-FOUR 

15000 

17 

SEVENTEEN 

200 

21 

THIRTY-FIVE 

15000 

23 

EIGHTEEN 

200 

58 

THIRTY-SIX 

15000 

25 

Figure  82.  ESM  intercept-range  table  format. 
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Norm?)!  intercept  ranges  can  be  greatly  extended  by  the  evaporation  duct, 
resulting  in  intercept  of  signals  well  beyond  the  horizon.  Even  more  dramatically,  a 
surface-based  duct  from  an  elevated  refractVe  layer  can  extend  intercept  ranges  far  in 
excess  of  200  nautical  miles.  If  a  surface-based  duct  exists,  it  will  be  the  dominating 
feature  when  calculating  an  ESM  intercept  range.  Within  the  calculations,  the  maxi¬ 
mum  intercept  range  allowed  is  1000  kilometers.  The  assumption  of  horizontal 
homogeneity  discussed  within  section  10.7  is  questionable  over  great  ranges  and  most 
certainly  across  air  mass  boundaries,  however.  Therefore,  very  long  intercept  ranges 
within  a  duct  will  be  artificially  indicated  as  250  + ,  meaning  250  nautical  miles  or 
greater  for  terminals  within  a  surface  duct.  Any  indication  of  long  intercept  ranges 
must  be  re-evaluated  with  respect  to  air  mass  boundaries.  When  it  is  known  for 
certain  that  horizontally  homogeneous  conditions  extend  for  many  hundreds  of 
nautical  miles,  the  path-loss  versus  range  display  may  be  used  to  obtain  an  actual 
intercept  range. 

The  ESM  calculations  assume  the  emitter  is  radiating  at  peak  power.  An 
attempt  to  reconcile  a  predicted  ESM  intercept-range  by  cross-correlating  several 
radar  contacts  may  fail  by  overlooking  the  obvious— that  the  emitter  is  turned  off.  In 
addition,  the  probability  of  signal  intercept  also  lies  within  the  sensitivity  of  the 
receiver.  In  some  cases,  a  range  of  0  will  be  indicated.  This  simply  means  that  the 
emilJer  is  outside  of  the  receiver’s  band  of  frequencies. 

In  addition  l  o  ib.e  normal  limitations  of  the  TESS/IREPS  models,  i.e.,  fre¬ 
quencies  between  iCO  and  20,000  MHz,  etc.,  the  ESM  intercept  range  table  is 
designed  for  surface-to-surface  inUircept  or  surface-to-air  intercept  for  aircraft 
altitudes  below  10,000  feet.  Fcr  surfate-to-air  intercepts  at  altitudes  greater  than 
10,000  feet,  refer  to  the  platform  vuitierability  di^^splay,  section  18.0. 

The  artificiality  of  pre-calculated  intercept  ranges,  i^imilar  to  that  of  early 
versions  of  the  surface-search  radar-range  table,  also  exists  in  c  i  ly  versions  of  the 
ESM  intercept-range  table.  Here,  the  impetus  for  pre-cal<;ulation  wa;^  the  large  num¬ 
ber  of  possible  receivers/emitter  combinations,  not  the  distributed-target  considera¬ 
tion.  Again,  the  operator  of  an  older  version  must  recognize  this  limitation  and,  if 
desired,  may  produce  a  single  path-loss  versus  range  display  on  a  case-by-case  basis. 

Under  many  ducting  conditions,  a  rou^  estimate  of  over-the-horizon  ranges 
to  surface  ESM  contacts  can  be  determined  by  comparing  the  surface-search  radar- 
range  table  to  the  ESM  intercept-range  table.  If  the  ESM  contact  cannot  be  seen  on 
the  surface-search  radar,  then  it  is  a  fair  conclusion  that  its  actual  range  is  gp'eater 
than  that  shown  in  the  surface-search  radar-range  table,  but  less  than  that  given  in 
the  ESM  intercept-range  table.  This  range  “bracket”  could  be  used  for  bearing-only 
missile  launches  or  could  be  used  with  other  information  to  further  localize  the 
contact.  Conversely,  if  no  ducting  conditions  exist,  then  the  near-horizon  maximum 
intercept  range  given  by  the  ESM  intercept-range  table  could  establish  that  the  con¬ 
tact  is  likely  to  be  within  the  horizon. 


126 


17.0  ELECTRONIC  COUNTERMEASURES  (ECM) 
EFFECTIVENESS  DISPLAY 


ECM  is  the  division  of  electronic  warfare  which  involves  actions  taken  to 
prevent  or  hamper  an  enemy’s  effective  use  of  the  electromagnetic  spectrum.  ECM 
may  be  divided  into  three  categories  based  upon  the  actions  taken.  These  are  (1) 
reduction  of  the  target’s  radar  cross  section  through  vehicle  construction/materials  or 
the  tactical  use  of  radar  "holes”  in  the  atmosphere,  (2)  passive  ECM  in  which  the 
enemy’s  transmitter  power  is  either  reflected,  refracted,  or  absorbed  through  a  non¬ 
radiating  decoy  such  as  chaff,  and  (3)  active  ECM  in  which  the  electromagnetic  sys¬ 
tem’s  receiver  is  overloaded  with  noise  or  the  signal  is  electronically  altered  to  pro¬ 
duce  a  misleading  interpretation. 

A  typical  jamming  scenario  might  be  the  following.  An  attack  aircraft  is  mak¬ 
ing  a  bombing  run  against  a  surface  ship.  The  attack  aircraft  may  be  coated  with  an 
electromagnetic  radiation  absorbing  agent  or  may  have  a  flight  profile  such  that  the 
aircraft  is  within  a  radar  hole.  This  would  represent  the  first  category  of  ECM.  A 
chaff  cloud  may  be  dispersed  to  further  hide  the  attack  aircraft.  This  would  represent 
the  second  category  of  ECM.  Finally,  a  supporting  jammer  aircraft,  usually  referred 
to  as  a  standoff  jammer,  would  provide  a  screen  of  wide-band  electromagnetic  noise  to 
overpower  any  return  echo  from  the  attacker.  This  would  represent  the  third  cate¬ 
gory  of  ECM.  Figure  83  illustrates  this  scenario. 


Attack 


Figure  83.  Typical  radar  jamming  scenario. 
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It  may  be  seen  that  the  standoff  jammer  will  be  effective  only  if  its  power  is 
able  to  overload  the  receiver  on  board  the  target  ship  (the  victim).  If,  for  example, 
the  standoff  jammer’s  flight  profile  is  through  a  radar  hole,  the  jamming  will  be 
ineffective.  If,  on  the  other  hand,  ihe  flight  profile  is  within  a  duct,  the  jamming  will 
be  most  effective.  The  most  important  consideration  is  not  the  power  of  the  jammer, 
however,  but  the  geometric  relationships  between  the  jammer  and  the  victim.  Since 
the  jammer  euid  victim  eu'e  in  constant  relative  motion,  the  jammer  pilot  must  know 
at  edl  times  where  the  maximum  coupling  of  energy  between  himself  and  the  victim 
will  take  place. 

The  ECM  effectiveness  display  is  designed  to  provide  a  measure  of  airborne 
active  jsunmer  effectiveness  against  surface-based  radars.  The  display  is  a  plot  of 
height  versus  signal  strength  where  the  signal  strength  is  the  difference  between 
actual  signal  strength  for  the  current  environment  and  free-space  signed  strength. 
The  plot  of  height  versus  signal  strength  is  presented  for  several  discrete  jammer/ 
victim  ranges.  Figure  84  illustrates  a  sample  ECM  effectiveness  display  for  a 
nauTow-beam  jammer  within  a  1000-foot  surface-basad  duct  environment. 


40  nmi  80  nmi  120  nmi  160  nmi 


200  nmi 


SIGNAL  STRENGTH  IN  dB  RELATIVE  TO  FREE  SPACE 


Figure  84.  Sample  ECM  effectiveness  display 
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Mission  planners,  in  addition  to  ECM  aircraft  pilots,  may  use  this  display  to 
optimize  the  locations  and  flight  paths  of  tactical  jamming  aircraft.  For  example,  the 
conditions  appropriate  to  figure  84  show  a  jamming  aircraft  would  have  greater 
effectiveness  at  an  altitude  of  approximately  500  feet  than  at  3000  feet,  for  all  ranges. 
Note,  however,  at  a  range  of  40  nmi  from  the  target,  the  effectiveness  of  the  jammer 
would  be  improved  if  its  altitude  was  increased  to  8000  feet. 

The  radiating  antenna  for  many  jammer  aircraft  is  positioned  such  that  there 
is  a  slight  downward  looking  angle  from  the  horizontal.  Because  of  this  downward 
angle,  aircraft  flying  within  a  surface-based  duct  will  experience  a  greater  amount  of 
energy  being  reflected  from  the  surface,  and  alternatively,  a  lesser  amount  of  energy 
traveling  within  the  duct.  To  take  the  greatest  advantage  of  the  ducting  condition 
and  truly  achieve  the  signal  enhancement  indicated  by  the  ECM  display,  the  aircraft 
would  have  to  fly  at  an  increased  an^e  of  attack. 
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18.0  PLATFORM  VULNERABILITY  ASSESSMENT 


Often,  a  table  of  data  with  no  quick  and  obvious  relationship  between  the 
data,  makes  a  cumbersome  and  sometimes  confusing  display.  Using  a  bar  chart 
display  will  allow  a  user  to  receive  the  same  information  but  will,  in  most  cases, 
bring  a  quicker  realization  to  the  significance  of  the  data.  This  is  the  case  with  the 
ESM  intercept  range  table  display  as  discussed  in  section  16.0.  For  emission  control 
(EMCON)  planning,  if  a  commander  wanted  to  assess  the  vulnerability  to  intercept 
for  all  the  emitters  on  hoard  his  platform,  a  search  of  tables  would  have  to  be  made, 
arranging  the  ranges  in  some  order  based  upon  the  mission.  By  extending  the  capa¬ 
bility  of  the  ESM  intercept  range  table  to  include  all  surface-to-air  and  air-to-air 
intercept  cases,  and  by  customizing  a  bar  chart  display  to  a  particular  platform,  the 
vulnerability  of  that  platform’s  emitters  to  ESM  intercept  may  easily  be  seen.  This  is 
accomplished  by  the  platform  vulnerability  assessment  display,  as  illustrated  in  figure 
85. 

Counterdelection  by  (ESM  receiver) 


Emit  tec  "T 
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Emitter  1 
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Intercept  Range  in  Nautical  Miles 


Figure  85.  Sample  platform  vulnerability  display. 


The  model  limitations  used  for  this  display  are  the  same  as  the  ESM  range 
table  display,  except  the  platform  vulnerability  display  will  allow  for  air-to-air 
intercepts  6Uid  surface-to-air  intercepts  for  altitudes  greater  than  10,000  feet. 
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From  this  display,  it  is  immediately  obvious  which  emitter  on  the  platform  is 
most  vulnerable  to  intercept.  By  selectively  silencing  emitters,  the  commander  can 
customize  an  EMCON  plan  to  a  particular  mission.  For  example,  the  mission  may  be 
to  remain  undetected  outside  of  a  100-nautical-mile  radius  but  still  retain  some  radio 
communications  capability.  By  using  the  propagation  condition  summary,  section 
11.1,  it  might  be  determined  that  an  evaporation  duct  is  the  only  anomalous  propa¬ 
gation  feature  present.  Since  the  trapping  of  electromagnetic  energy  within  an  evap¬ 
oration  duct  is  highly  frequency  dependent,  a  platform  vulnerability  assessment 
display  could  be  created  for  several  radio  transmitters  at  varying  frequencies.  The 
ideal  frequency  to  maximize  communications  but  still  avoid  intercept  may  now  be 
easily  determined.  As  a  bonus,  it  might  be  seen  that  a  certain  air-search  radar  also 
has  an  intercept  range  of  less  than  100  nautical  miles,  thereby  allowing  for  its  use 
within  the  EMCON  guidelines. 

A  modification  to  the  above  example  could  be  the  determination  of  maximum 
range  for  air-to-surface  communications.  Again,  a  platform  vulnerability  assessment 
display  could  be  created  for  a  radio  transmitter  at  varying  frequencies.  While  a  cov¬ 
erage  display,  section  12.0,  may  show  that  an  aircraft  would  have  to  change  range  or 
altitude  in  order  to  communicate,  the  platform  wilnerability  assessment  display  may 
indicate  that  a  simple  change  of  frequency  will  achieve  the  same  result.  For  an  ASW 
helicopter  engaged  in  an  active  prosecution,  a  frequency  change  could  easily  be 
accomplished  while  a  position  change  might  be  unacceptable. 
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19.0  BATTLE  GROUP  VULNERABILITY  DISPLAY 


The  concept  of  the  platform  vulnerability  display  described  in  section  18.0 
may  be  extended  to  include  the  entire  battle  group.  The  longest  intercept  range  from 
each  platform  within  the  group  may  be  used  to  draw  an  intercept  circle  on  a  geo¬ 
graphical  plot  of  the  battle  group.  Figure  86  is  an  example  of  such  a  battle  group 
vulnerability  display. 

This  display  is  ideal  for  EMCON  planning.  Suppose  a  battle  group  is  to 
transit  a  strait  such  as  illustrated  in  figure  87.  By  pr^ucing  a  battle  group  vulner¬ 
ability  display  at  various  times  along  the  track,  the  EMCON  commander  could 
modify  the  plan  to  avoid  detection  by  land-based  interceptors,  yet  still  allow  for 
necessary  communications  or  radar  use. 


W:.:,::;  B0%  PROBABILITY  OF  <CEPT 
90%  PROBABILITY  O'-  .rtCEPT 


Figure  86.  Sample  battle  group  vulnerability  display. 
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Rgure  87.  Battle  group  vulnerability  display  along  a  track. 


The  display  is  also  well  suited  for  battle  group  formations  and  screen 
considerations.  For  example,  an  ASW  commander  may  desire  the  platform  with  the 
greatest  sonar  capability  be  placed  well  ahead  of  the  high-value  target,  along  the 
mcyor  threat  axis.  The  battle  group  vulnerability  display,  figure  88,  may  indicate 
however,  that  this  placement  would  eliminate  UHF  radio  communications  between 
the  platform  and  the  high-value  target,  thereby  necessitating  a  middleman  relay. 


Figure  88.  Battle  group  vulnerability  display  for  screen  formation. 
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